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6 .  References  
A b s t r a c t  
Th is  r e p o r t  d e s c r i b e s  a  methodology f o r  u n i f y i n g  t h e  
hardware and s o f t w a r e  d e s i g n  of a d i g i t a l  computer by mean of t h e  
Computer Design Language ( o r  CDL). The methodology is p r e s e n t e d  
i n  t h r e e  examples: ( a )  f i n d i n g  t h e  l a r g e s t  number among n  g i v e n  
numbers, (b )  b u f f e r  a l l o c a t i o n  i n  an inpu t -ou tpu t  c o n t r o l  sys tem,  
and ( c )  t r a n s l a t i o n  o f  r e l o c a t a b l e  code t o  e x e c u t a b l e  code. The 
a l g o r i t h m s  i n  t h e s e  examples a r e  a l l  ob ta ined  from computer pro-  
grams. Impor tan t  s t e p s  of t h e  methodology a r e  shown i n  g r e a t  d e t a i l s .  
These are: d e s c r i p t i o n  of t h e  c o n f i g u r a t i o n  by t h e  CDL d e c l a r a t i o n  
s t a t e m e n t s ,  t r a n s l a t i o n  of t h e  f low c h a r t  i n t o  t h e  sequence c h a r t ,  
r e p r e s e n t a t i o n  of t iming and c o n t r o l  s i g n a l s ,  implementat ion by 
microprogram c o n t r o l ,  d e s c r i p t i o n  of s e q u e n t i a l  o p e r a t i o n s  by t h e  
CDL e x e c u t i o n  s t a t e m e n t s ,  p roduc t ion  of microprogram, and s i m u l a t i o n  
of t h e  d e s i g n  on t h e  CDL SimuLator. 
2 * 
By means of t h e  GDL, a methodology h a s  been developed f o r  
u n i f y i n g  t h e  hardware and s o f t w a r e  d e s i g n .  Th is  methodology i s  shown 
by t h e  diagram i n  F i g u r e  1. A s  shown, a  p i e c e  of s o f t w a r e  o r  computer 
program i s  s t u d i e d  and i t s  a l g o r i t h m  i s  e x t r a c t e d  and p r e s e n t e d  p re -  
f e r r a b l y  i n  t h e  form of f low c h a r t .  Then, c o n f i g u r a t i o n  f o r  ha rd-  
ware implementat ion o f  t h e  a l g o r i t h m  i s  conceived,  and t h e  f low c h a r t  
i s  conver ted  i n t o  t h e  sequence c h a r t .  Both t h e  c o n f i g u r a t i o n  and t h e  
sequence c h a r t s  a r e  n e x t  d e s c r i b e d  by t h e  CDL s t a t e m e n t s .  Th i s  
d e s c r i p t i o n  i s  punched i n t o  a  deck of c a r d s  and s imula ted  by t h e  CDL 
Simula to r  (16)  f o r  checking o u t  t h e  implementat ion.  The r e s u l t  of t h e  
s i u m l a t i o n  i s  t h e n  used f o r  e v a l u a t i n g  t h e  des ign .  I f  t h e  d e s i g n  i s  
n o t  s a t i s f a c t o r y ,  t h e  a l g o r i t h m  i s  modif ied o r  even r e p l a c e d ,  and 
a n o t h e r  d e s i g n  c y c l e  fo l lows .  When t h e  r e s u l t  becomes s a t i s f a c t o r y ,  
t h e  d e s i g n  is  t h e n  documented. Documentation i n  t h e  CDL i s  r e i a t i v e l y  
s imple .  
This  r e p o r t  d e s c r i b e s  t h r e e  examples whose a l g o r i t h m s  
were  e x t r a c t e d  from t h e  e x i s t i n g  computer programs. Each example .  
i l l u s t r a t e s  v a r i o u s  s t e p s  of t h e  methodology. The f i r s t  example is 
implemented by t h e  s e q u e n t i a l  l o g i c  c o n t r o l ,  w h i l e  t h e  second and 
t h e  t h i r d  examples by micro2rogram c o n t r o l .  
ration and ( algorithm sequence 
Fig. 1 Block diagram illustrating the methodology 
of unffled hardware-software design 
3. Finding t h e  l a r g e s t  number 
The f i r s t  example is  t o  f i n d  t h e  l a r g e s t  number among n 
unsigned b ina ry  number. This simple example is s e l e c t e d  f o r  the  pur- . 
pose of i n t roduc ing  t h e  CDL and t h e  s imu la t ion  by the  CDL s imula tor .  
3 .1 
An a lgor i thm t o  f i n d  the  l a r g e s t  numbes among given b ina ry  
numbers X(1) , . . . ,X(n) by programming is  shown i n  Fig.2 where n is  the  
number of e lements ,  m is  the  cu r r en t  l a r g e s t  e lement ,  k is  t h e  p o i n t e r  
whick p o i n t s  t o  t h e  element now i n  comparison, and j is  t h e  p o i n t e r  
which po in t s  t o  t h e  cu r r en t  l a r g e s t  element. A s  shown i n  Fig. 2 ,  the 
f i r s t  comparison is  between elements X(n) and X(n-1) from which t h e  
l a r g e r  i s  s t o r e d  i n  m. The n e x t  comparison is between m and X(n-2), 
between m and X(n-3) and s o  f o r t h  where m always s t o r e s  t he  l a r g e r  
element a f t e r  each comparison. P o i n t e r  k begins from (n-1) and i s  
decremented a f t e r  each comparison. The f i n d i n g  process  te rmina tes  
when k reaches 0, 
start 
terminate 
Figure 2 Flow chart of finding the largest number 
among n numbers 
3.2 
L e t  t h e  g iven  unsigned b i n a r y  i n t e g e r s  b e  s t o r e d  i n  memory 
X w i t h  a d d r e s s  r e g i s t e r  C and b u f f e r  r e g i s t e r  R. L e t  t h e  c a p a c i t y  
of memory X b e  1024 words and t h e  word l e n g t h  be  2 4  b i t s .  Assume 
t h a t  n a b e r  n  is s t o r e d  i n  t h e  f i r s t  l o c a t i o n  and t h e  i n t e g e r s  i n  
t h e  succeed ing  l o c a t i o n s  of t h e  memory. R e g i s t e r  J and K s t o r e  re -  
s p e c t i v e l y  p o i n t e r s  J and K. R e g i s t e r  A s t o r e s  t h e  c u r r e n t  l a r g e s t  
i n t e g e r  a f t e r  e a c h  comparison. Comparison i s  done by a  p a r a l l e d  
s u b t r a c t e r .  I n  a d d i t i o n ,  t h e r e  a r e  c o n t r o l  r e g i s t e r  T,  s w i t c h  START 
and l i g h t  FINI. These e lements  a r e  shown i n  t h e  b l o c k  diagram of  
F i g *  3.  
The process  of f i n d i n g  t h e  l a r g e s t  e lement  i s  shown i n  t h e  
sequence c h a r t  of F ig .  4. A f t e r  i n i t i a l i z a t i o n  dur ing which r e g i s t e r  
C i s  reset t o  0  and l i g h t  FINI i s  t u r n e d  t o  t h e  OFF c o n d i t i o n ,  t h e  
f i r s t  word i s  r e a d  ou t  of memory X;  t h i s  word c o n t a i n s  number n .  
Number n  i s  t h e n  t r a n s f e r r e d  t o  memory a d d r e s s  r e g i s t e r  C s o  a s  t o  
r e a d  ou t  t h e  l a s t  elememt of t h e  g iven  n  e lements ;  t h i s  e lement  is 
s t o r e d  i n  r e g i s t e r  A. The l a s t  second e lement  is  n e x t  r e a d  o u t  of 
memory X and s t o r e d  i n  t h e  b u f f e r  r e g i s t e r  R. The numbers i n  r e g i s -  
t e r s  A and R  a r e  compared by t h e  p a r a l l e l  s u b t r a c t e r .  Terminal  BOR(0) 
i s  I ,  t h i s  i n d i c a t e s  t h a t  t h e  unsigned b i n a r y  i n t e g e r  i n  r e g i s t e r  A 
i s  s m a l l e r  t h a n  t h a t  i n  r e g i s t e r  R. I n  t h i s  c a s e ,  t h e  l a r g e r  number 
i n  r e g i s t e r  R i s  t r a n s f e r r e d  t o  r e g i s t e r  A and t h e  memory a d d r e s s  
where t h i s  l a r g e r  number is s t o r e d  i n  memory X i s  t r a n s f e r r e d  t o  
register J. The n e x t  e lement  i s  t h e n  taken ou t  of t h e  memory and 
compared w i t h  t h e  number i n  r e g i s t e r  R. Again, t h e  l a r g e r  number and 
i t s  memory a d d r e s s  a r e  s t o r e d  i n  r e g i s t e r  A and J r e s p e c t i v e l y .  This  
c o n t r o l  
s i g n a l s  START 0 
F i g u r e  3 C o n f i g u r a t i o n  f o r  f i n d i n g  t h e  l a r g e s t  number 
S T m T  (ON) 
End 
F igure  4 Sequence c h a r t  of f i n d i n g  t h e  l a r g e s t  number 
p r o c e s s  c o n t i n u e s  u n t i l  K r eaches  0 ;  a t  t h a t  t ime ,  a l l  t h e  e lements  
a r e  compared. The l a r g e s t  e lement  i s  i n  r e g i s t e r  A and i t s  memory 
address  i s  r e g i s t e r  J. 
3 . 3  Statement  D e s c r i p t i o n  
The above c o n f i g u r a t i o n  and sequence c h a r t  f o r  f i n d i n g  t h e  
l a r g e s t  e lement  i s  now d e s c r i b e d  by t h e  CDL s t a t e m e n t s  . 
Comment, c o n f i g u r a t i o n  ( 1) 
R e g i s t e r  , c(0-9) 9 $address  r e g i s t e r  
R(1-24),  $ b u f f e r  r e g i s t e r  
J(0-9) , $ s t o r e  p o i n t e r  j 
K(0-9). $ s t o r e  p o i n t e r  k 
A(1-24). $ s t o r e  c u r r e n t  l a r g e s t  e lement  
T(O-31, $ c o n t r o l  r e g i s t e r  
S u b r e g i s t e r ,  R(ADDR)=R(15-24), 
Memory, X(C>=X(O-102 3 ,  1-24) , 
Decoder, KT(0-10) =T 
Switch,  START(0N) , 
L i g h t ,  FIN1 (ON, OFF) , 
Terminal,  D1F~(1-24)= A(1-24)@~(1-24)@~0~(1-24) , 
BOR(O-2 3)=A(l-24) *R(l-24) '+R(l--2 4) ' *~0~(1-24)+BOR(l-24)  *A(l-2 4) 
BOR(24) =0,  
Clock, P , 
Comment, h e r e  b e g i n s  t h e  comparison s e q u e n c ~ .  
/START(ON) C4-0, FINIC-OFF, Td-0, 
/KT(O) *P/ Re-X( C) , TC-1, $ r e a d  out n  
/KT(l) *pi' K4-W(ADDR) , Tc-2, $ s t o r e  n  i n  K 
/KT(2) *F/ Ce-K, Jf-R, T 4 - 3 ,  $ s t o r e  n  i n  J and C 
/ K T ( ~ )  *P/ Re--X(C) , TC-4, $ r e a d  o u t  X(n) 
/KT(&) *P/ A+-R, $ s t o r e  X(n) i n  A 
KG-countdn K ,  $ o b t a i n  (n-1) 
T4-5, 
/KT(5) *P/ I F  (K=O) THEN (T4-10) ELSE (Te-6) 
/KT(6> *PI Ct-K, T$-7, 
/KT( 7 )  *P/ Re-X(c), T4-8 $ read  n e x t  e lement  X(C) 
/KT( 8) *P/ I F  (BOR(O)=l) THEN ( k - R ,  3 g K )  , T+-9 
/KT (9)*P/ K4-contdnK, TC-5, 
/ K T ( ~ O )  *P/ FINI4-ON , 
END 
I n  t h e  above d e s c r i p t i o n ,  t h e  t e r n i m a l  s t a t e m e n t  d e s c r i b e s  
t h e  p a r a l l e l  s u b t r a c t o r .  Terminals DIFF a r e  t h e  d i f f e r e n t  o u t p u t s  
of t h e  s u b t r a c t e r .  They a r e  n o t  needed,  b u t  a r e  i n c l u d e d  f o r  t h e  s a k e  
of c o m p l e t e ~ e s s .  
3.4 S imula t ion  
S ta tement  d e s c r i p t i o n  l)when punched i n t o  a  deck o f  c a r d s ,  
i s  shown i n  t h e  l i s t i n g  of F ig .  5 .  The f i r s t  1 2  l i n e s  and t h e  l a s t  
l i n e  r e p r e s e n t  t h e  sys tem c o n t r o l  c a r d s .  The l a s t  second through 
e i g h t h  l i n e s  r e p r e s e n t  t h e  s i m u l a t i o n  c o n t r o l  c a r d s i  The l i s t i n g  i n  
F i g ,  5 and s t a t e m e n t  d e s c r i p t i o n  1 a r e  e s s e n t i a l l y  i d e n t i c a l  excep t  
t h e  s l i g h t  d i f f e r e n c e s  i n  t h e  s t a t e m e n t s  and o p e r a t o r  "countdn" b e i n g  
d e f i n e d  as a  s p e c i a l  o p e r a t o r .  
The f i r s t  p a r t  of t h e  s i m u l a t i o n  r e s u l t  is shown i n  F ig .  6 .  
The c o n t e n t s  of r e g i s t e r s  C ,  3 ,  K ,  T ,  A and R a s  w e l l  a s  t h o s e  a t  
memory l o c a t i o n s  0 through 8 a r e  t a b d a t e d  a f t e r  t h e  START s w i t c h  is 
tu rned  t o  t h e  OM p o s i t i o n  a s  w e l l  a s  a t  t h e  end of t h e  f i r s t  through 
s e v e n t h  c lock  c y c l e s .  
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4 .  B u f f e r  A l l o c a t i o n  
The second example is  b u f f e r  a l l o c a t i o n  which is  taken  from t h e  
GETBUF r o u t i n e  o f  t h e  Simple Inpu t  Output Cont ro l  System (SIOCS) now b e i n g  
developed.  T h i s  example i l l u s t r a t e s  t h e  hardware implementat ion o f  t h e  i n p u t  
ou tpu t  c o n t r o l  s y s  tem of a  microprogrammed o p e r a t i n g  s y s  tem. 
4 . 1  Problem d e s c r i p t i o n  
I n  t h e  SIOCS, double b u f f e r s  a r e  used f o r  each f i l e  excep t  when t h e  use r  
employs h i s  own b u f f e r  scheme. When a  f i l e  i s  b e i n g  opened o r  r e d e f i n e d ,  t h e  
SIOCS s e a r c h e s  t h e  a v a i l a b l e  b u f f e r  c h a i n s ,  f i n d s  two b u f f e r s  of p roper  s i z e  
from one o f  t h e  b u f f e r  cha ins  and a s s i g n s  them t o  t h a t  f i l e .  When t h e s e  two 
b u f f e r s  a r e  no l o n g e r  used,  t h e  SIOCS r e l e a s e s  them and r e t u r n s  them t o  t h e  
a v a i l a b l e  b u f f e r  c h a i n s .  
The GETBUF r o u t i n e  of t h e  SIOCS performs t h e  f u n c t i o n  of o b t a i n i n g  a  
double  b u f f e r s  from t h e  a v a i l a b l e  b u f f e r  chain  and t h e n  a s s i g n i n g  them t o  
t h e  f i l e .  An  example o f  t h e  a v a i l a b l e  b u f f e r  chain  is shown i n  F ig .  7 .  The 
e n t r y  o f  t h i s  c h a i n  i s  i n  t h e  Ava i lab le -buf fe r -cha in  Entry  Tab le  o r  ABC Ent ry  
Table .  The LINK f i e l d  of t h i s  e n t r y  as  shown i n  F i g .  7 c o n t a i n s  t h e  a d d r e s s  
of t h e  f i r s t  b u f f e r  of t h i s  b u f f e r  c h a i n ,  w h i l e  t h e  SIZE f i e l d  of t h i s  e n t r y  
d e s c r i b e s  t h e  s i z e  of t h e  b u f f e r .  A l l  b u f f e r s  a r e  i n i t i a l l y  l i n k e d  i n  t h e  
a v a i l a b l e  b u f f e r  c h a i n s ,  and t h e  ABC En t ry  Table c o n t a i n s  a l l  t h e  e n t r i e s  f o r  
t h e  a v a i l a b l e  b u f f e r  c h a i n s ,  each f o r  t h e  b u f f e r s  of one s i z e .  
The GETBUP r o u t i n e  is  c a l l e d  by t h e  GETBUF macro i n s t r u c t i o n  whose format 
i s  shown i n  F i g .  8, where FILENAME i s  t h e  name o f  t h e  f i l e  t o  which t h e  b u f f e r s  
a,re a s s i g n e d ,  To use t h i s  r o u t i n e ,  t h e  f i l e  rnus t be  p r e v i o u s l y  opened; t h i s  
means t h a t  FILENAME m u s t  b e  t h e  symbol ic  a d d r e s s  of a  F i l e  Control  Block (FCB). 
The format of a  F a ,  a s  an example,  i s  shown i n  Fig .  9 ,  where t h e  pa ramete r  
dvailabl-e-buf f e r -  
chain dntry Table 
3I 5 y  r I X : ~  
Fig.? Structure of an Available-buffer-chain 
-..-- -./- -/ ------- 
I FILENAME 
__l_b ----..-,-.. .^ .*-.-,.-- d /  I 
Fig ,8  Format of the GETBUF macro instruction 
names a r e  e x p l a i n e d  i n  Table I .  Note t h a t  t h e  Unit Control  Block mentioned 
i n  Tab le  1 is  a  t a b l e  which s t o r e s  t h e  s t a t u s  o f  an i n p u t  o r  an ou tpu t  d e v i c e .  
P o i n t e r  LOBUF i s  t h e  p o i n t e r  which always p o i n t s  t o  t h e  c u r r e n t  i n p u t  ( o r  
o u t p u t )  b u f f e r  where t h e  d a t a  a r e  b e i n g  r e a d  i n t o  ( o r  b e i n g  s e n t  o u t ) ,  w h i l e  
p o i n t e r  PROBUF i s  t h e  p o i n t e r  which always p o i n t s  t o  t h e  p r o c e s s i n g  b u f f e r ,  
from which t h e  d a t a  c u r r e n t l y  b e i n g  p rocessed  a r e  o b t a i n e d .  A l l  t h e  o t h e r  
f i e l d s ,  such a s  O C ,  CRTCL, BUSY, EOF, TYPE, AVBCT and U(=B a d d r e s s  a r e  n o t  used 
by t h i s  GETBUF r o u t i n e ,  and a r e  t h u s  n o t  f u r t h e r  d e s c r i b e d .  
The i n p u t s  t o  t h e  GETBUF r o u t i n e  a r e :  t h e  a d d r e s s  of t h e  FCB, t h e  b u f f e r  
s i z e  i n  t h e  FCB, t h e  a d d r e s s  of t h e  ABC Ent ry  Tab le ,  t h e  ABC En t ry  Tab le  and 
t h e  a v a i l a b l e  b u f f e r  c h a i n s .  The o u t p u t s  from the  r o u t i n e  a r e  t h e  two b u f f e r  
a d d r e s s e s  which a r e  p l a c e d  i n  t h e  t h i r d  word of t h e  FCB and i n  accumulator  A. 
I f  no b u f f e r s  a r e  a v a i l a b l e ,  accumulator  A is  r e t u r n e d  w i t h  i t s  c o n t e n t s  b e i n g  
0 .  
4 . 2  
The a l g o r i t h m  f o r  b u f f e r  a l l o c a t i o n  is  shown i n  t h e  flow c h a r t  o f  F i g .  1 0 ,  
where t h e  symbol ic  names a r e  d e f i n e d  o r  e x p l a i n e d  i n  Table  2 .  A s  shown, t h e  
a l g o r i t h m  be ings  by o b t a i n i n g  t h e  b u f f e r  s i z e  from t h e  f o u r t h  word of t h e  F i l e  
Cont ro l  Block ( s e e  F i g ,  9 )  o r  
BUFSZE<--SIZE (FILENM+3) 
It then  proceeds t o  s e a r c h i n g  t h e  ABC En t ry  Table ,  where P  i s  a  p o i n t e r  which 
s c a n s  t h e  e n t r i e s  of t h e  t a b l e .  When t h e  s e a r c h  f i n d s  t h e  e n t r y  of t h a t  a v a i l -  
a b l e  b u f f e r  cha in  w i t h  t h e  b u f f e r  s i z e  e q u a l  t o  t h e  d e s i r e d  b u f f e r  s i z e  ( i . e .  
SIZE(P)=BUFSZE) , t h e  two a d d r e s s e s  of t h e  f i r s t  two b u f f e r s  ( p o i n t e d  by t h e  
p o i n t e r  Q) of t h e  cha in  a r e  o b t a i n e d  and s t o r e d  i n  t h e  l e f t  and r i g h t  h a l f  
of accumulator  A, The b u f f e r s  a r e  removed from t h e  cha in  and t h e  cha in  is 
" 
-.-! 
UCB ADDRL?S3 
--.....- *.l__r.-ll, * ___.__ - .--.-- __ 
Fig .9  Format of t h e  F i l e  C o n t r o l  Block 
( s e e  @ t e x t  f o r  e x p l a i n a t i o n )  
t y p e  o f  t h e  f i l e  
an  o p e n / c l o s e  i n d i c a t o r  
UCB a d d r e s s  a d d r e s s  of t h e  U n i t  C o n t r o l  Block (UCB) of a d e v i c e  
IOBUF a p o i n t e r  f o r  t h e  i n p u t  ( o r  o u t p u t )  b u f f e r  
a PROBUF a p o i n t e r  f o r  t h e  p r o c e s s i n g  b u f f e r  
S I Z E  b u f f e r  s i z e  
CRTCL 1 c r i t i c a l  number of t h e  p r o c e s s i n g  b u f f e r  
BUSY b u f f e r  busy i n d i c a t o r  
EOF end-of - f i l e  i n d i c a t o r  
AVBCT 
i 
a  c o u n t e r  which coun ts  t h e  a v a ~ l a b l e  words re- 
maining i n  t h e  p r o c e s s i n g  b u f f e r  
Table  2 ,  Symbolic names of t h e  a l g o r i t h m  
Symbolic 
name 
BUFS ZE 
P 
Q 
F  LLENAME 
TABLE 
SIZE (X) 
LINK (x) 
WORD (X) 
A 
A(0-17) 
A(18-35 ) 
f -- 
Explana t ion  
a  v a r i a b l e  which r e p r e s e n t s  t h e  b u f f e r  s i z e  o f  a  f i l e  
a  p o i n t e r  which s c a n s  t h e  Avai lable-buf  f e r - c h a i n  En t ry  Table  
a  p o i n t e r  which s c a n s  an a v a i l a b l e  b u f f e r  c h a i n  
symbol ic  l o c a t i o n  o f  t h e  FCB. ( a  known q u a n t i t y )  
symbol ic  l o c a t i o n  o f  t h e  Ava i lab le -buf fe r -cha in  En t ry  Table 
( a  known q u a n t i t y )  
SIZE f i e l d  of t h e  word po in ted  by p o i n t e r  X 
LINK f i e l d  o f  t h e  word p o i n t e d  by p o i n t e r  X 
a  word p o i n t e d  by p o i n t e r  X 
accumulator  
l e f t  h a l f  o f  t h e  accumulator  
r i g h t  h a l f  o f  t h e  accumulator  
a  symbol which deno tes  "ass ign  t o "  o r  " rep laced  by" 
F i 6 ~ , 1 0  Flow Char t  f o r  buSfer allocation 
aga in  p r o p e r l y  l i n k e d  by p u t t i n g  T,LNK(Q) i n t o  L I N K ( P )  . Tbese two blif f e r  
a d d r e s s e s  a r e  n e x t  p l a c e d  i n  t h e  p roper  l o c a t i o n  o f  t h e  F i l e  Cont ro l  Block.  
I f  t h e  s e a r c h  r e s u l t s  i n  f i n d i n g  no  two b u f f e r s  of t h e  p roper  s i z e ,  accumu- 
l a t o r  A i s  r e s e t  t o  0 .  I n  e i t h e r  c a s e ,  t h e  a l l o c a t i o n  is te rmina ted .  
A s  a n  example, c o n s i d e r  a n  ABC Ent ry  Table  and two a v a i l a b l e  buLfer  
c h a i n s  as  those  shown i n  F i g ,  11 where t h e  numbers a r e  t h e  i n i t i a l  v a l u e s .  
Let FILEA b e  t h e  symbol ic  a d d r e s s  of t h e  F i l e  Cont ro l  Block shown i n  F ig .  1 2 ,  
where 0 ' s  i n  t h e  f i r s t  and t h i r d  f i e l d s  of word PILEA+-1 i n d i c a t e s  no informa- 
t i o n  and 1 i n  t h e  second f i e l d  i n d i c a t e s  t h a t  t h i s  f i l e  i s  a  t a p e  f i l e .  Num- 
b e r  20 i n  word FILEArC-3 i n d i c a t e s  t h a t  b u f f e r  s i z e  of t h e  f i l e  i s  of  20 memory 
words. When t h e  a l g o r i t h m  is  execu ted ,  i t  f i n d s  t h a t  t h e  b u f f e r  s i z e  r e q u i r e d  
by t h e  f i l e  i s  20-word and t h a t  t h e  b u f f e r s  w i t h  t h i s  s i z e  a r e  a v a i l a b l e  from 
t h e  t a b l e  e n t r y  a t  l o c a t i o n  102 i n  F ig .  11. The LINK f i e l d s  o f  t h e  b u f f e r s  
of t h e  a v a i l a b l e  b u f f e r  chain  a r e  t h e n  scanned b e g i n n i n g  from t h e  e n t r y ,  and 
two such b u f f e r s  whose a d d r e s s e s  201 and 271 i n  F ig .  11 a r e  found. These 
a d d r e s s e s  a r e  n e x t  p l a c e d  i n  t h e  t h i r d  word of t h e  F i l e  Control  Block ( i . e .  
FILEA+2) i n  F i g ,  14 and t h e  a v a i l a b l e  b u f f e r  chain  i s  a g a i n  l i n k e d  a f t e r  t h e  
removal of t h e s e  two b u f f e r s .  The ou tpu t  a f t e r  a l l o c a t i o n  is  shown i n  F i g s .  1 3  
and 14.  Not ice  t h a t  t h e  two f i e l d s  of t h e  t h i r d  word of FCB i n  Fig .  1 2  a r e  
changed t o  201  and 271 i n  Fig .  1 4  r e s p e c t i v e l y .  Meanwhile, i n  t h e  ABC Ent ry  
Table of F i g ,  11, t h e  Link f i e l d  201 for t h e  b u f f e r  chain  of s i z e  20 i n  Fig .  11 
is  changed t o  291 a s  shown i n  F i g ,  1 3 .  
As a n o t h e r  example, a s s m e  t h a t  t h e  c o n t e n t s  of t h e  ABC Ent ry  Tab le  and 
t h e  a v a i l a b l e  b u f f e r  cha ins  i n  F i g ,  1 3  which arc. t h e  o u t p u t s  from t h e  f i r s t  
example a r e  used a s  the  i n i t i a l  values of t h e  second example. Le t  FILEB b e  
t h e  symbol ic  a d d r e s s  of a  F i l e  Cont ro l  Block shown i n  Fig .  15.  When t h e  GETBUF 
r o u t i n e  i s  b e i n g  e x e c u t e d ,  t h e  b u f f e r  s i z e  i s  found from t h e  FCB i n  F ig .  15 
chain 
LIDBI?. 
aaa  
102 
103 
3 n t r v  Table 
ADER . ADDR , 
?%v,11 An example of the Available-buffer-chain Zntry Table 
and Available-buffer-cha%ns 
P I g , P 2  PCB w i t h  address  FILEA ( i n p u t )  , 
P i g , P 3  The Available-buffer-chain Entry Table and Available- 
buffer-chains (output of Example 1) 
ADDR, P i l e  Control Block (PCB) 
. . FILE NAKE 
I"lg.14 PCB with address PILFR (output) 
File Cont ro l  Block (FCB) 
FILE NAME I 
Pie,15 FCB w i t h  add re s s  FILEB 
t o  b e  4 0 ,  The en t ry  i o r  t h e  b u f f e r  cha in  of t h i s  s i z e  is  f o m d  from t h e  
ABC E n t r y  Table i n  Fig .  13. S ince  i t s  LINK f i e l d  i s  0 ,  t h i s  means t h a t  t h e r e  
i s  no  b u f f e r  of t h i s  s i z e  a v a i l a b l e ,  and accumulator  A i s  r e s e t  t o  0. There- 
f o r e ,  t h e  c o n t e n t s  of t h e  F i l e  Control  Block,  t h e  ABC E n t r y  Table  and t h e  
a v a i l a b l e  b u f f e r  chain  remain unchanged. 
4 . 3  
The computer e lements  t h a t  a r e  r e q u i r e d  f o r  implementing t h e  b u f f e r  
a l l o c a t i o n  a l g o r i t h m  a r e  shown i n  t h e  b l o c k  diagram of F ig .  16 excep t  t h e  
c o n t r o l  p a r t  t o  b e  d e s c r i b e d  subsequen t ly .  A s  shown, t h e r e  i s  a  random-access 
memory M where t h e  F i l e  Control  Block,  t h e  ABC Ent ry  Table and t h e  a v a i l a b l e  
b u f f e r  chains  a r e  l o c a t e d .  The memory has  a  c a p a c i t y  of 32,768 36-bi t  words 
w i t h  a  15-b i t  a d d r e s s  r e g i s t e r  MAR and a  36-bi t  r e g i s t e r  MB. There a r e  two 
1 5 - b i t  r e g i s t e r s  FILENAME and ENTRY, a  9 - b i t  r e g i s t e r  BUFSZE, a  36-bit  accumu- 
l a t o r  A,  and two s i n g l e - b i t  r e g i s t e r  READ and WRITE i n  a d d i t i o n  t o  a  9 -b i t  
p a r a l l e l  comparator and a  15-b i t  p a r a l l e l  adder .  R e g i s t e r  FILENAME s t o r e s  
t h e  a d d r e s s  of t h e  FCB of t h e  given f i l e .  R e g i s t e r  ENTRY s t o r e s  a  p o i n t e r  
which s c a n s  t h e  e n t r i e s  of t h e  ABC En t ry  Tab le .  R e g i s t e r  BUFSZE s t o r e s  t h e  
b u f f e r  s i z e  of t h e  given f i l e .  The accumulator  i s  where t h e  two b u f f e r  
a d d r e s s e s  a r e  assembled.  The comparator compares f o r  e q u a l i t y  between t h e  
c o n t e n t s  of r e g i s t e r  BUFSZE and those  o f  t h e  l e f t m o s t  9 - b i t s  of t h e  accumu- 
l a t o r .  The adder  adds t h e  c o n t e n t s  of r e g i s t e r  FILENAME t o  t h o s e  o f  r e g i s t e r  
K'R and t h e  r e s u l t i n g  sum i s  p laced  i n  r e g i s t e r  MAR. R e g i s t e r s  READ and WRITE 
a r e  used f o r  a c t i v a t i n g  r e s p e c t i v e l y  t h e  r e a d  and w r i t e  o p e r a t i o n s  of t h e  
m m r y  . 
The above c o n f i g u r a t i o n  f o r  t h e  p r o c e s s i n g  u n i t  is now d e s c r i b e d  by 
t h e  fo l lowing  CDL d e c l a r a t i o n  s t a t e m e n t s  . 
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Comment, Conf igura t ion  o f  t h e  p r o c e s s i n g  u n i t .  
R e g i s t e r  , MJ&(O-l4), $address  r e g i s t e r  
MFi(0-35) , $ b u f f e r  r e g i s t e r  
ENTRY (0-14) , $ p o i n t e r  t o  scan  Ent ry  Tab le  
FILENAME (0-14) , $ s t o r e  t h e  address  o f  t h e  FCB 
A(0-35), $ s t o r e  two b u f f e r  a d d r e s s e s  
BUFSZE(0-8), $ s t o r e  t h e  d e s i r e d  b u f f e r  s i z e  
RE AD 9 $READ c o n t r o l  r e g i s  t e r  
WRITE, $WRITE c o n t r o l  r e g i s t e r  
Memory , M(MAR)=M(O-32 76 8,O-35) , 
S u b r e g i s t e r ,  MFi(SIZEl)=MB(O-8), $SIZE f i e l d  
MB (LINKl)=MB (21-35) , $LINK f i e l d  
A(SIZE2)=A(O-8) , $SIZE f i e l d  
A(LINK2) =A(21-35) , $LINK f i e l d  
Terminal ,  UNEQm(O-$)=A(O-8)@BUFS ZE , $comparator 
4 .4  
The sequence o p e r a t i o n s  o f  t h e  b u f f e r  a l l o c a t i o n  a r e  shown i n  t h e  sequence 
c h a r t  i n  P i g .  17 .  I t  i s  assumed ( a )  t h e  formats  of t h e  F i l e  Control  Block,  
t h e  M C  Ent ry  Tab le ,  and t h e  a v a i l a b l e  b u f f e r  cha ins  a r e  t h o s e  i n  F igs .  9 and 
7, (b)  t h e  F i l e  Cont ro l  Block,  t h e  ABC Ent ry  Table  and t h e  a v a i l a b l e  b u f f e r  
cha ins  a r e  i n i t i a l l y  s t o r e d  i n  t h e  main memory, ( c )  t h e  a d d r e s s  of t h e  FCB of 
t h e  given f i l e  is  i n i t i a l l y  s t o r e d  i n  r e g i s t e r  FILENAME, and (d) t h e  a d d r e s s  
of  the ABC Elatry Tab le  i s  s t o r e d  i n  r e g i s t e r  ENTRY, 
As shobna i n  F i g ,  17, t h e  a d d r e s s  FLLENAPjlE is  f i r s t  incrernented by 3 and 
t h e  supn i s  then t r a n s f e r r e d  t o  r e g i s t e r  MAR. A word i s  n e x t  r e a d  out of t h e  
memory i n t o  b u f f e r  r e g i s t e r  MB which now s t o r e s  t h e  f o u r t h  word of t h e  FCB. 
p- jya17  Che sequence 
char t  f o r  bu f fe r  
allocation 
m e  SIZE f i e l d  of t h i s  word i s  t r a n s f e r r e d  t o  r e g i s t e r  BUFSZE. These micro- 
o p e r a t i o n s  a r e  shown i n  Block 0  i n  F ig .  17 .  (See bloclc number a t  t o p - r i g h t  
c o m e r  of each b l o c k . )  In block  1 t h e r e  i s  a  l o o p  s e a r c h i n g  f o r  t h e  e n t r i e s  
i n  t h e  ABC En t ry  Table t o  f i n d  an e n t r y  whose SIZE f i e l d  i s  e q u a l  t o  t h e  con- 
t e n t s  of BUFSZE. Block 2 t e s t s  a v a i l a b i l i t y  of t h e  b u f f e r s  i n  t h e  cha in .  I f  
no b u f f e r  i s  a v a i l a b l e  a s  i n d i c a t e d  by t h e  L I N K  f i e l d  o f  A b e i n g  0 ,  accumu- 
l a t o r  A i s  r e s e t  t o  0 .  Otherwise ,  t h e  two a d d r e s s e s  o f  t h e  two b u f f e r s  a r e  
s t o r e d  i n  r e g i s t e r  A a s  shown i n  b lock  3. F i n a l l y  t h e  ABC En t ry  T a b l e  i s  
updated a s  shown i n  b l o c k  4 ,  and t h e  two b u f f e r  a d d r e s s e s  a r e  s t o r e d  i n  t h e  
t h i r d  word o f  t h e  FCB of t h e  f i l e  i n  b lock  5.  A t  t h i s  t i m e ,  t h e  sequence i s  
te rmina ted .  
4 .5  
The c o n t r o l  memory i s  a  s m a l l  b u t  f a s t  memory hav ing  a c a p a c i t y  of 
255 36-bit  words w i t h  an 8-bi t  a d d r e s s  r e g i s t e r  CAR and a  36-bit b u f f e r  
r e g i s t e r  F. Each word i n  t h e  c o n t r o l  memory is  c a l l e d  a  c o n t r o l  word o r  a  
m i c r o - i n s t r u c t i o n .  Ln t h e  c o n t r o l  memory is  s t o r e d  a microprogram which con- 
sis ts of a  s e r i e s  of m i c r o - i n s t r u c t i o n s .  S i n g l e - b i t  r e g i s t e r  E  i n d i c a t e s  t h e  
f e t c h  (when I) o r  t h e  e x e c u t i o n  (when 0)  of each m i c r o - i n s t r u c t i o n .  There  
i s  a  four-phase c lock  ~ f 0 - 3 ) .  Each main memory c y c l e  i s  chosen c o n s i s t i n g  of 
f o u r  c o n t r o l  memory c y c l e s  and each c o n t r o l  memory c y c l e  c o i n c i d e s  w i t h  one 
c lock  c y c l e .  R e g i s t e r  MC is -used t o  sequence t h e  f o u r  c o n t r o l  memory c y c l e s  
i n  each main memory c y c l e .  R e g i s t e r  RUN i s  used f o r  i n d i c a t i n g  t h e  B t a r t  (when 
1) and t h e  s t o p  (when 0) s t a t u s  of t h e  machine. Switch START i s  s e l e c t e d  f o r  
manual c o n t r o l  o f  t h e  s t a r t  o p e r a t i o n  o f  t h e  machine, The b l o c k  diagram i n  
F i g ,  1 8  shows t h e  c o n f i g u r a t i o n  of t h e  c o n t r o l  u n i t .  
The above conf igura t ion .  may a l s o  b e  d e s c r i b e d  by t h e  f o l l o w i n g  CDL s t a t e -  
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men ts  . 
Comment, conf i g u r a t i o n  f o r  t h e  microprogram c o n t r o l  
R e g i s t e r ,  MC(0-3), $ r e g i s t e r  f o r  sequencing main memory c y c l e s  
CAR(1- 8) , $ cont r o l  memory a d d r e s s  r e g i s  t e r  
F(1-36),  $ c o n t r o l  word r e g i s t e r  
E 5 $ CM f  et  ch-exe cut  i o n  c o n t r o l  r e g i s  t e r  
RUN 5 $ s  t a r t - s  top  r e g i s t e r  
Sub r e g i s t e r  , P(ADS) =P(l-8) , $address  f i e l d  
Memory , CM(CAR)-CM(0-255,l-36) , 
Swi tch ,  START (ON) $ s t a r t  s w i t c h  
Comment, each c o n t r o l  memory c y c l e  c o i n c i d e s  w i t h  one c lock c y c l e  and each 
main memory c y c l e  c o i n c i d e s  w i t h  f o u r  c o n t r o l  memory c y c l e s  
Clock, P (0-3) $f our-phase c lock  
Comment, sequenc ing  r e g i s t e r  MC as a  r i n g  coun te r .  
/P(3)*RUN/ MC+cirMC 
I n  t h e  above d e s c r i p t i o n ,  each of t h e  f o u r  b i t s  of r e g i s t e r  MC r e p r e s e n t  
each  of t h e  f o u r  c o n t r o l  memory c y c l e s  i n  one main memory c y c l e ,  and t h e  s e -  
quencing o f  t h e  f o u r  c o n t r o l  memory c y c l e s  i s  accomplished by making r e g i s t e r  
MC t o  f u n c t i o n  a s  a  r i n g  c o u n t e r ,  
4.6 
Each main memory c y c l e  is  chosen t o  c o n s i s t  of f o u r  c o n t r o l  memory c y c l e s ,  
and each control .  memory c y c l e  c o i n c i d e s  w i t h  each c lock  c y c l e .  T h e r e f o r e ,  
t h e r e  a r e  4 s t e p s  i n  each c o n t r o l  memory c y c l e  and 16 s t e p s  i n  each main memory 
16 s t e p s  i n  each main memory c y c l e ,  The c o n t r o l  s i g n a l s  f o r  t h e s e  16 s t e p s  
a r e  d e s c r i b e d  by t h e  fv i luwing  sequence o f  1 6  Labe l s ,  
Comiient , d e s c r i p t i o n  of t h e  l a b e l s .  
/Mc(O) *P ( 0) *RUN/ $beg inn ing  of a  main and a  c o n t r o l  memory cyc le  
/Mc(O) *P (1)  >VRUN/ 
/Mc(O) *P (2)  *RUN / 
/MC(O) *P(3) *RUN/ 
/ M c ( ~ )  *P (0)  *RUN/ 
/MC(l) *P'(L) *RUN / 
/MC(l) *P(2) *RUN/ 
/ M c ( ~ )  *P (3)  *RUN/ 
/ M C ( ~ )  *P (0) *RUN/ 
/MC(2) *P (1)  *RUN/ 
/MC(2) *P ( 2 )  *RUN/ 
/MC(2) *P (3)  *RUN/ 
/ M C ( ~ )  *P (0)  *RUN/ 
/MC( 3) *P ( I )  *RUN/ 
/MC( 3) *P (2) *RUN/ E--0 
/ m ( 3 )  *P(3) *RUN/ $End of  bo th  memory c y c l e s  
$end of a  c o n t r o l  memory c y c l e  
$beginning of a  c o n t r o l  memory c y c l e  
$end of  a  c o n t r o l  memory c y c l e  
$beg inn ing  of a  c o n t r o l  memory c y c l e  
$end of a  c o n t r o l  memory c y c l e  
$beg inn ing  of a  c o n t r o l  memory c y c l e  
A s  shown i n  t h e  above l a b e l s ,  t h e  f o u r  s t e p s  i n  each c o n t r o l  memory c y c l e  
a r e  c o n t r o l l e d  by t h e  f o u r  phases  of c lock  P(0-3) ,  and t h e  f o u r  c o n t r o l  memory 
c y c l e s  i n  each  main memory c y c l e  a r e  c o n t r o l l e d  by t h e  f o u r  s t a t e s  of r i n g  
coun te r  MC(0-3). R e g i s t e r  RUN c o n t r o l s  t h e  g e n e r a t i o n  o f  t h e  sequence o f  t h e  
16 c o n t r o l  s i g n a l s  i n  a  main memory c y c l e  a s  i n d i c a t e d  i n  F ig .  1 8 .  
During each main memory c y c l e ,  t h e  d a t a  is  r e a d  o u t  of o r  w r i t  t e n  i n t o  
t h e  main memory. It is now s p e c i f i e d  t h a t  t h e  t r a n s f e r  of t h e  main memory 
address  t o  r e g i s t e r  MAR and t h e  i n i t i a t i o n  of t h e  main memory r e a d  o r  w r i t e  
must occur  d u r i n g  t h e  second s t e p  ( i . e .  /MC(O) *P(l )  *RUN/). For a  r e a d  opera- 
t i o n ,  t h e  word is a v a i l a b l e  a t  b u f f e r  r e g i s t e r  -Nl3 dur ing  t h e  s i x t h  s t e p  
( i , e .  /MC(l)*P(l)*RX4/). For a w r i t e  u p e ~ d t i u i l  ille w v r d  io b e  s t o r e d  i n t o  
t h e  memory i s  t r a n s f e r e d  i n t o  b u f f e r  r e g i s t e r  MB b e f o r e  r h e  1 2 t h  s t e p  
( / M c ( ~ )  * ~ ( 3 )  *RUN/). 
I f  c e r t a i n  micro-operat ions  occur  i n  c o n t r o l  memory c y c l e ,  t h e  fol low- 
i n g  sequence of f o u r  l a b e l s  i s  used,  
/P (0 )  *RUN*E ' / F4-CM(CAR) $beginning of a  c o n t r o l  memory c y c l e  
Ed-1  
/ ~ ( l )  *R.LNE1/ 
/ P  (2 )  *RLN*E ' / 
/ P ( ~ ) * R U N * E '  / CAR-+-countup C-AR $end of a  c o n t r o l  memory c y c l e  
I n  t h e  above sequence o f  l a b e l s ,  r e g i s t e r  E i s  used t o  c o n t r o l  t h e  advance 
o r  s t o p  o f  t h e  4 s t e p s  i n  a  c o n t r o l  memory c y c l e .  When r e g i s t e r  E  c o n t a i n s  
a  0 ,  t h e  sequence of t h e  l a b e l s  e x i s t ;  o t h e r w i s e ,  i t  d i s a p p e a r s .  
Whenever t h e  r e g i s t e r  E  i s  s e t  t o  0, a  m i c r o - i n s t r u c t i o n  i s  r e a d  ou t  of 
t h e  c o n t r o l  memory. I t  i s  now s p e c i f i e d  t h a t  t h e  inc rement ing  of t h e  c o n t r o l  
memory a d d r e s s  r e g i s t e r  CAR and t h e  i n i t i a t i o n  of t h e  c o n t r o l  memory r e a d  
m u s t  occur  d u r i n g  c lock  phase P ( 3 )  of t h e  p receed ing  c o n t r o l  memory c y c l e ,  
and t h e  c o n t r o l  word becomes a v a i l a b l e  a t  b u f f e r  r e g i s t e r  P d u r i n g  t h e  f i r s t  
c lock  phase P(0)  of t h e  c u r r e n t  c o n t r o l  memory c y c l e ,  Micro-operat ions  a c t i -  
v a t e d  by t h e  m i c r o - i n s t r u c t i o n  i n  r e g i s t e r  F a r e  execu ted  between t h e  f i r s t  
c lock  phase  P(0)  of t h e  c u r r e n t  c o n t r o l  memory c y c l e  and t h e  i n i t i a t i o n  f o r  
t h e  r e a d i n g  o u t  of t h e  nex t  m i c r o - i n s t r u c t i o n .  
Note t h a t ,  a t  t h e  s t e p  w i t h  l a b e l  /P(o)*RUN*E~/, r e g i s t e r  E  i s  set t o  1 
a t  t h e  same t i m e  a c o n t r o l  word is t r a a s f e r e d  i n t o  r e g i s t e r  F. While t h e  
r e g i s t e r  is r e s e t  t o  0 a t  t h e  l a s t s t e p  of each main memory c y c l e  ( i . e .  
/MC(3) *Pkg(2) *RUN/) ; t h i s  causes  t h e  f e t  cb. of t h e  n e x t  c o n t r o l  worci  a t  t h e  be- 
g inn ing  of t h e  n e x t  main memory c y c l e  
4 . 7  Control  word format 
The format of t h e  c o n t r o l  word is  shown i n  F ig .  1 9 .  I t  c o n s i s t s  of 
t h r e e  f i e l d s ,  t h e  a d d r e s s  f i e l d ,  t h e  c o n t r o l - b i t  f i e l d  and t h e  cons t an  t f i e l d .  
The address  f i e l d  c o n t a i n s  a  c o n t r o l  memory address  f o r  micro-branching.  The 
c o n s t a n t  f i e l d  c o n t a i n s  a  c o n s t a n t .  Each bit of t h e  c o n t r o l - b i t  f i e l d  con- 
t r o l s  one o r  more mic ro-opera t ions  which a r e  shown i n  F ig .  19 .  The a s s i g n -  
ment of t h e  c o n t r o l  b i t s  t o  t h e  micro-operat ions  i s  a r b i t r a r i l y  made. 
4 . 8  Sta tement  d e s c r i p t i o n  
With t h e  t i m i n g  and c o n t r o l  s i g n a l s  a s  w e l l  a s  t h e  c o n t r o l  word format  
b e i n g  e s t a b l i s h e d ,  i t  is now p o s s i b l e  t o  d e s c r i b e  t h e  c o n t r o l  s i g n a l s  by 
means o f  l a b e l s  f o r  each micro-operat ion i n  t h e  sequence c h a r t  of Fig .  15.  
Each l a b e l  i s  a  l o g i c a l  AND of t h e  t i m i n g  s i g n a l ,  t h e  c lock s i g n a l  and a  
c o n t r o l  b i t .  With t h e  l a b e l s ,  execu t ion  s t a t e m e n t s  can now b e  w r i t t e n  f o r  
each micro-operat ion o r  a  group of mic ro-opera t ions .  And each b l o c k  i n  F i g .  
1 5  becomes one micro- ins  t r u c t  i o n .  
Each b lock  i n  t h e  sequence c h a r t  of F ig .  15 r e q u i r e s  one main memory 
c y c l e ,  and t h e  mic ro-opera t ions  i n  t h e  b lock  a r e  t h e n  a s s i g n e d  t o  t h e  p rev ious -  
l y  d e s c r i b e d  t iming and c o n t r o l  s i g n a l s  ( i .  e .  , l a b e l s )  . The micro-operat ions  
i n  each b lock  i s  t r a n s l a t e d  i n t o  one m i c r o - i n s t r u c t i o n .  I n  t h i s  manner, t h e  
sequence c h a r t  can b e  d e s c r i b e d  by t h e  fo l lowing  CDL s t a t e m e n t s  . 
Comment, t h e  b u f f e r  a l l o c a t i o n  sequence b e g i n s  h e r e  
Comment, s t a r t  o r  s t o p  o p e r a t  i o n .  
/START(ON) / RUN+-1 ,MCQ-L ,MAR+- 3 ,  
ENTRY+-LOO, CAR+-0 ,E+-0 , 
Comment, f e t c h  t h e  micro-ins t r u c t  i o n  a t  l o c a t i o n  0 .  
/ P ( o )  *RUN*E'/ F+-CM(CAR) ,E+-1, 
c o n s t a n t  f iePd 
Fig-19 control Word Format 

/MC(3) *P (2) *RUN*/ Ed-0 , 
Comment, i n i t i a t e  and f e t c h  t h e  micro-ins t r u c t i o n  a t  l oca t ion  4 .  
/P ( 3) *RUN*E ' / CAR+-countup CAR, 
/P (0) *RUN*E' / F+-CM(CAR) ,E+-1, 
Comment, execute  t h e  micro- ins t ruc t ion  a t  l oca t ion  4. 
/MC(O) *P (1) *RUN*F(10) / MAR..$.-ENTRY, 
/MC (0) *P (1) *RUN*F(17) / WRITE+-1, 
/MC(O) *P (3) *RUN*F(15) / MB (SIZE1) C-BUFSZE, 
/MC(2) *P (1) *RUN *F ( 17) / M(MAR) 4-MB , 
/MC(3) *P (1) *RUN*F(9) / W+-O-F(2 3-36) , 
/MC( 3) *P (2) *RUN/ E(-0, 
Comment, i n i t i a t e  and f e t c h  the  micro- ins t ruc t ion  a t  l o c a t i o n  5 .  
/ ~ ( 3 )  *RUN*E?/ G P L R + - C O I ~ ~  UPCAR, 
/P (0) *RUN*E ' / F4- CM( CAR) , E+-1, 
Comment, execute  t h e  micro-ins t r u c t i o n  a t  l o c a t i o n  5. 
/Mc(O) *P (1) *RUN*F(13) / -MAR+-M add FILENAME, 
/MC(O) *P ( 1) *RUN*F ( 1  7) / WRITE+-1, 
/MC(O)*P(3)*RUN*F(16)/ MBC-A, 
/MC (2) *P (1) *RUN *F ( 17) / M(PIAR) 9-MB 
/1MC(3)*P(l)*RUM*F(12)/ RUNC-0 
END 
I n  t h e  above, t h e  i n i t i a l i z a t i o n  of  a l l  micro-operations is c a r r i e d  out 
by t h e  START switch.  There are s i x  micro- ins t ruc t ions .  The beginning of each 
micro- ins t ruc t ion  , t h e r e  a r e  s e v e r a l  execut ion s ta tements .  The f i r s t  execut ion  
s tatement  des c r i b e s  t he  f e t  ch of t h e  micro-ins t r u c t  ion  and the  remaining 
s ta tements  descr ibe  t h e  micro-operations t h a t  a r e  executed by t h e  micro-iris t ruc-  
t i o n .  The f e t c h  of t h e  micro- ins t ruc t ion  is i n i t i a t e d  by s e t t i n g  r e g i s t e r  
E t o  0 and the  execut ion of t h e  micro- ins t ruc t ion  is i n i t i a t e d  by s e t t i n g  
r e g i s t e r  E t o  1. Reg i s t e r  E is  set t o  1 during the  f i r s t  s t e p  of t h e  execu- 
t i o n  of t h e  micro- ins t ruc t ion ,  and it is  r e s e t  t o  0 by the  START swi tch  o r  dur- 
i n g  t h e  l a s t  s t e p ,  
I n  t he  above desc r ip t ion ,  t h e  braching  of t h e  loop  i n  the  sequence cha r t  
i s  accomplished by the  fol lowing s ta tement  (whose c o n t r o l  b i t  is i n  l oca t ion  
1) 9 
/MC(2) *P(1) *RUN*F(ZO) / IF(UNEQL=l) THEN(ENTRY=f-countup ENTRY, CAR+-0) 
ELSE (E4-0) , 
I f  t e rmina l  UNEQL is  equal  t o  1, then the  fol lowing sequence occu r s ,  
/MC(3) *P (2)  *RUN/ E-e-0, 
/P(3) *RUN*E1 / CARF- co un t up CAR, 
/P(o)  *RUN*E' / F4- CM(CAR) , E4-1, 
Since t e rmina l  UNEQL i s  equal  t o  1, r e g i s t e r  CAR is r e s e t  t o  0 and l a t e r  
again incremented by 1. The nex t  micro- ins t ruc t ion  is fe tched  a t  l o c a t i o n  1. 
Therefore ,  t h e  sequence is branched back t o  t h e  beginning of t h e  loop. 
I f  t e rmina l  UNEQL is  n o t  equa l  t o  1, then the  fo l lowing  sequence occurs  , 
/P (3) *RUN*E'/ C A R + - C O ~ ~ ~ U ~  CAR, 
/P (0) *RUN*E / FI-CM( CAR) , E--1, 
Since t e rmina l  UNEQL i s  n o t  equa l  t o  1, r e g i s t e r  CU. is incremented by 1. The 
next micro- ins t ruc t ion  is fe t ched  a t  l o c a t i o n  2 because t h e  contents  of reg is -  
ter CAR w e r e  1. I n  t h i s  way, the  micro- ins t ruc t ion  e x i t s  from t h e  loop. 
4.9 Microprogram 
The microprogram f o r  the b u f f e r  a l l o c a t i o n  is shown i n  Figs,  20 and 21.  
The microprogram i n  Fig.  20 shows t h e  micro-operations f o r  each c o n t r o l  b i t ,  
whi le  t h a t  i n  Fig. 21 shows the  6 micro- ins t ruc t ions  i n  o c t a l .  Each micro- 
i n s t r u c t i o n  s p e c i f i e s  the  execut ion of those  micro-operations whose con t ro l  
b i t s  a r e  1, For example, t h e  f i r s t  micro- ins t ruc t ion  has  1 i n  con t ro l  b i t s  
13, 1 4 ,  and 19. Therefore,  when t h i s  micro- ins t ruc t ion  is  executed,  t h e  
fol lowing micro-operations a t  the  s p e c i f i e d  con t ro l  s i g n a l s  a r e  performed, 
/MC(O) *P (1) *RUN*F(13) / MAR+-MAR add FILENAME, 
/MC(O) *P (1) *RUN*F(14) / NADC-1,  
/MC(l) *P (1) *RUN*F(14) / MB4-M(CAR) , 
/MC(2) *P (1)  * R U N * F ( ~ ~ )  / BUFSZEf-MB(SIZE1) , 
These a r e  t h e  previous ly  descr ibed  execut ion  s ta tements  i n  the micro-instruc- 
t i o n  l o c a t e d  a t  address  0 ,  except the one which r e s e t s  r e g i s t e r  E t o  0 ,  which 
occurs a s  t he  l a s t  s t e p  of each main memory cycle .  Thus, the  1's and 0 ' s  i n  
each previous ly  descr ibed  micro-ins t r u c t i o n  is t r a n s l a t e d  i n t o  1's and 0 ' s .  
This  is the  way t h a t  the  microprogram i n  Figs,  20 and 21  i s  obtained.  
FLg,20 The microprogram fo r  the b u f f e r  aElocation 
Control I Nicro-instruction 
(Octal nu~ber) 
Fip.21 The microprogram for the buffer allocation 
5, Trans l a t ion  of Reloca tab le  Code t o  Executable Code 
Most contemporary d i g i t a l  computers a r e  designed t o  execute  
machine i n s t r u c t i o n s  wi th  a b s o l u t e  addresses  ( i . e . ,  hardware addresses) .  
A program w r i t t e n  i n  such machine i n s t r u c t i o n s  is c a l l e d  an  executable  
code. However, t h e  computer u se r  of today w r i t e s  t h e  program e i t h e r  
i n  a symbolic assembly language o r  i n  a symbolic procedura l  language. 
P a r t  of t h e  t a s k  of t r a n s l a t i n g  a symbolic code t o  an executable  code 
i s  chosen as t h e  t h i r d  example. 
The t r a n s l a t i o n  t a s k  normally occurs  i n  two s t e p s .  I n  t h e  
f i r s t  s t e p ,  t h e  assembler ( i n  t h e  case  of an assembly language) o r  
t he  compiler ( i n  t h e  case  of a procedura l  language) t r a n s l a t e s  t h e  
program i n t o  an in t e rmed ia t e  form, s o  t h a t  t h e  user's program can 
be  l i nked  wi th  o t h e r  subprograms t o  form one program. The program i n  
t h e  in t e rmed ia t e  form i s  a r e l o c a t a b l e  code because t h e  program con- 
t a i n s  information which al lows i t  t o  be  loca t ed  a t  another  a b s o l u t e  
address .  
The second s t e p  c o n s i s t s  of t h r e e  func t ions :  (a )  assemblying 
one o r  more r e l o c a t a b l e  elements i n t o  a complete program, (b) a s s ign ing  
each subprogram an  a b s o l u t e  address ,  and ( c )  t r a n s l a t i n g  t h e  re loca-  
t a b l e  code i n t o  an  executable  code ( i . e , ,  changing a l l  r e l a t i v e  addresses  
t o  a b s o l u t e  add res ses ) ,  These t h r e e  func t ions  a r e  o f t e n  c a r r i e d  o u t  
by a program commonly c a l l e d  a loader .  
This  example implements t h e  t h i r d  func t ion  of t r a n s l a t i n g  
r e l o c a t a b l e  code t o  executable  code by means of a microprogram. 
5 .1  The Input  and Output 
The inpu t  t o  t h e  loade r  is one o r  more r e l o c a t a b l e  elements .  
Each r e l o c a t a b l e  element c o n s i s t s  of two p a r t s ,  (a) r e l o c a t a b l e  code 
and (b) symbolic address  t a b l e s .  A s  mentioned, t h e  r e l o c a t a b l e  code 
is t h e  in t e rmed ia t e  form of  t h e  machine language i n s t r u c t i o n s  and d a t a  
t h a t  r e s u l t  from t h e  t r a n s l a t i o n  of an assembly language subprogram 
o r  of a procedural  language subprogram. A machine language i n s t r u c -  
t i o n  i s  u s u a l l y  made up of a non-address p a r t  (e .g . ,  t h e  op-code 
p a r t )  and an address  p a r t .  S ince  r e l o c a t a b l e  t r a n s l a t i o n  r e q u i r e s  
only t h e  adjustment  of addresses ,  i t  i s  only necessary  t o  d i s t i n g u i s h  
between t h e  address  p a r t  and t h e  non-address p a r t  of t h e  i n s t r u c t i o n s .  
Therefore,  a r e l o c a t a b l e  code c o n s i s t s  of a sequence of r e l o c a t a b l e  
words. Each r e l o c a t a b l e  word con ta ins  an address  p a r t  o r  a non-address 
p a r t  of an  i n s t r u c t i o n .  I n  t h i s  con tex t ,  a d a t a  word can b e  viewed 
as an  i n s t r u c t i o n  wi thout  an address  p a r t .  
F igure  22 shows t h e  f i v e  formats ( c a l l e d  A,B,C,D, and E) 
of t h e  r e l o c a t a b l e  words, Each format has  up t o  f i v e  f i e l d s :  OP, FS, 
11, FLD, and I N C .  The FLD f i e l d  conta ins  d a t a ,  o r  t h e  address  p a r t  
of a n  i n s t r u c t i o n ,  o r  an  index t o  a t a b l e .  The FS f i e l d  con ta ins  t h e  
l eng th  of t h e  FLD f i e l d  i n  by te s  ( f o r  convenience, a b y t e  is def ined  
h e r e  as 3 b i t s ) .  The OP f i e l d  i d e n t i f i e s  t h e  FLD f i e l d  a s ,  
(a) d a t a  (OP=l) 
(b) R e l a t i v e  Address (OP=2) This  address  r e f e rences  a l o c a t i o n  w i t h i n  
t h e  subprogram r e l a t i v e  t o  t h e  subprogram address ,  A t  t h i s  ad- 
d r e s s ,  t h e  executable  code is  t o  be  loaded. 
(c) Common Data Address (OP=3) This  address  r e f e rences  a d a t a  area 
which i s  common t o  s e v e r a l  subprograms. 
(d) Ex te rna l  Address (OP=4) This  address  r e f e rences  an e n t r y  p o i n t  
i n  o t h e r  subprograms, 
OP FS II FLB 
bits 
(a) Format A, indicating data 
OP FS P I  FED 
to the subprogra 
bits 
(b) Format B, indicating relative address 
PS $1 FLD INC 
- - - -  - --- - -  
-! 
I 
i 
decrement I 
.=-+ -- - -1 
-- -1 
3 4 2 3* (FS) 3* (FS) bits 
(c) Format G ,  indicating common data address 
FS 11 FLD INC 
- -  - - -  - - 
I 
I 
increment or I 
decrement I 
- --A- ,.7 
S ) bits 
(d)  Format D ,  indicating external address 
hits 
(e-ormat E, indicating the end of: relocatable code 
Figure 22 Relocatable Word Formats 
( e )  End of r e l o c a t a b l e  code (OP=5) 
The above c o m o n  d a t a  a d d r e s s  and e x t e r n a l  a d d r e s s  r e f e r e n c e  
l o c a t i o n s  o u t s i d e  of t h e  subprogram. These a d d r e s s e s  a r e  symbolic and 
a r e  s t o r e d  i n  t h e  symbolic a d d r e s s  t a b l e s  t o  b e  d e s c r i b e d  subsequen t ly .  
The 11 and I N C  f i e l d s  are provided t o  g i v e  a  numer ica l  increment  t o  
t h e s e  symbolic a d d r e s s e s ,  I f  I1 i s  e q u a l  t o  1 o r  2 ,  t h e  a d d r e s s  i s  
incremented o r  decremented,  r e s p e c t i v e l y  by t h e  c o n t e n t s  05 I N C .  I f  
I1 is  e q u a l  t o  0 ,  t h e r e  is  no I N C  f i e l d .  
F i g u r e  23 shows an  example of a  r e l o c a t a b l e  code where t h e  
f i e l d s  a r e  s e p a r a t e d  by v e r t i c a l  l i n e s  and t h e  numbers a r e  o c t a l ,  
Words 1,2,3,4,6,8,9,11,129139159 and 1 7  a r e  r e l o c a t a b l e  words w i t h  
d a t a  ( O P = ~ ) .  Words 5 , 7 , l O ,  and 1 4  a r e  t h o s e  w i t h  r e l a t i v e  a d d r e s s e s  
(OP=2). Word 16 i s  one w i t h  a common d a t a  a d d r e s s .  Word 1 8  i s  t h e  
one w i t h  an  e x t e r n a l  a d d r e s s .  Word 1 9  i s  t h e  one i n d i c a t i n g  t h e  end 
o f  t h e  r e l o c a t a b l e  code,  Note t h a t  t h e  r e l o c a t a b l e  words i n  F i g u r e  23 
are of  d i f f e r e n t  l e n g t h s .  Tnough t h e y  a r e  shown a s  L e f t - j u s t i f i e d ,  
t h e y  a r e  a c t u a l l y  a s t r i n g  of b y t e s  a s  shown i n  F i g u r e  24 .  I t  is  i n  
t h e  format  of F i g u r e  24  t h a t  t h e  r e l o c a t a b l e  words a r e  s t o r e d  i n  t h e  
memory . 
Symbolic a d d r e s s  t a b l e s  of a. r e l o c a t a b l e  element c o n t a i n  
a l l  t h e  symbol ic  a d d r e s s e s  t h a t  a r e  r e q u i r e d  t o  l i n k  subprograms to- 
g e t h e r ,  There  a r e  t h r e e  symbolic a d d r e s s  t a b l e s :  
( a )  Defined Symbol Tab le  (DST) This  t a b l e  c o n t a i n s  t h e  symbolic 
name of  each e n t r y  p o i n t  i n  the subprogs dm and i ts  corresponding 
r e l a t i v e  a d d r e s s  i n  the s u b p r o g r m ,  
( b j  iindefir-led SpiboLZ Table  (VET) T%is tzible c o n t a i n s  t h e  symbolic 
Format 
Type 
Figu re  23 Example of a Relocatable Code (in octal) 
4 2 4 0 0 0 2 0  
*- - 
one memory word 
( 3 6  b i t s )  
Figure 24 Example of a ReLoca t , ,d le  code in the Memory 
(Double  Lines separate relocatable words 
and a l l  nurabers are o c t a l , )  
name of  each e x t e r n a l  a d d r e s s  t h a t  appeared i n  t h e  subprogram, 
Each e x t e r n a l  a d d r e s s  (OP=4) c o n t a i n s  a  l i n k  t o  an  e n t r y  i n  t h i s  
t a b l e ,  
i c j  (ZST) Eiis t a b l e  conta i r rs  t h e  symbolic 
name of  each common d a t a  a r e a  r e f e r e n c e  i n  t h e  subprogram. Each 
common d a t a  a d d r e s s  (OP=3) c o n t a i n s  a  l i n k  t o  an  e n t r y  i n  t h i s  
t a b l e .  
Tbe fo rmats  of t h e s e  t a b l e s  i n  t h e  r e l o c a t a b l e  e lement  a r e  n o t  r e l e v a n t  
h e r e  and a r e  t h u s  n o t  shown, However, an  example of t h e s e  t h r e e  
t a b l e s  a s  they appear  i n  memory i s  shown i n  F i g u r e  25; t h e s e  t a b l e s  
w i l l  b e  f u r t h e r  r e f e r e n c e d ,  
The o u t p u t  from t h e  l o a d e r  i s  a  sequence o f  machine i n s t r u c t i o n s  
and d a t a  ready f o r  l.oadi.ng i n t o  t h e  memory, I n  o r d e r  t o  p r o p e r l y  
l o c a t e  t h e  sequence i n  t h e  mernory, t h e  sequence is  pre faced  by one word 
t h a t  c o n t a i n s  t h e  subprogram a d d r e s s .  
F i g u r e  26 shows an example of e x e c u t a b l e  code. It is  t h e  
o u t p u t  from t h e  t r a n s l a t i o n  of t h e  r e l o c a t a b l e  code i n  F i g u r e  24.  
The i n s t r u c t i o n  and d a t a  fo rmats  i n  F i g u r e  26 fo l low t h o s e  o f  IBM 
7090 /7094  computers,  A s  mentioned, t h e  f i r s t  word h o l d s  t h e  subprogram 
a d d r e s s  (170008). It is  assumed t h a t  t h e  e x e c u t a b l e  code i s  a  p a r t  
of a l a r g e r  program and i s  s t o r e d  i n  words 65 through 75. A s  shown, 
t h i s  example t r a n s l a t e s  t h e  1 9  r e l o c a t a b l e  words i n t o  12 machine 
ins t ruc: ions  because  some of t h e  machine i n s t r u c t i o n s  c o n s i s t  of b o t h  
a d d r e s s  and d a t a  p a r t s  which a r e  d e s c r i b e d  by more than  one r e l o c a -  
table word,  However, the c o n t e n t s  of t h e  P L D  f i e l d s  of r e l o c a t a b l e  
words 1 , 2 , 3 , 8 , 1 1 ,  and 12 i n  F i g u r e  23 correspond w i t h  words 65,66,67,  
70,72,  and 7 3 ,  r e s p e c t i v e l y ,  i n  F i g u r e  2 6 ,  because  t h e s e  d a t a  and 
DST 
CST 
UST 
--- 
instruction 
E x a ~ p l e  of Tables and Buffers in the Memory 
Word i 
Word 65 
Word 66 
Word 67 
Word 68 
Word 69 
Word 71 
Word 72 
Word 73 
Word 74 
Word 7 5  
F i g u r e  26 Example of an Executable Code 
i n s t r u c t i o n  words have no addresses .  
5.2 Algorithm 
The loader  p e r f o m s  t h e  t r a n s l a t i o n .  (For s i m p l i c i t y ,  i t  
i s  assumed t h a t  t he  loade r  does no t  handle memory overlay.)  The t r ans -  
l a t i o n  can b e  descr ibed i n  t h r e e  phases.  I n  t he  f i r s t  phase, t he  
r e l s c a t a b l e  elements a r e  c o l l e c t e d  and r e fe rences  between subprograms 
(which inc lude  comon d a t a  r e f e rences ,  subprogram en t ry  p o i n t s ,  and 
e x t e r n a l  re ferences)  a r e  tabula ted .  I n  t he  second phase, t h e  e x t e r n a l  
r e f e rences  a r e  matched wi th  t h e i r  r e s p e c t i v e  e n t r y  p o i n t s ,  and each 
comon d a t a  a r e a ,  subgrogrm,  and e n t r y  po in t  a r e  then assigned an 
abso lu t e  address ,  I n  t h e  t h i r d  phase, t h e  r e l o c a t a b l e  code of each 
subprogram is  t r a n s l a t e d  t o  executable  code by ass igning  each r e l a t i v e  
address  an abso lu t e  address .  The t r a n s l a t i o n  process  t o  be  descr ibed  
h e r e  is l imi t ed  t o  t h e  t h i r d  phase. 
The t r a n s l a t i o n  f i r s t  unpacks t h e  r e l o c a t a b l e  code ( see  t h e  
exmple i n  Figures  23 and 24) s e s red  i n  the  inpu t  b u f f e r ,  then i n t e r -  
prets t h e  op-f ield of each word of t h e  r e l o c a t a b l e  code, and f i n a l l y  
p laces  t h e  d a t a  o r  t he  modified address  assembled i n t o  a sequence of 
-chine-language i n s t r u c t i o n s  i n  t he  output  bu f fe r .  The t r a n s l a t i o n  
process  is shorn i n  t h e  flow c h a r t  i n  Figure 27 ,  The r e l o c a t a b l e  
elements a r e  i n  t h e  inpu t  b u f f e r ,  and the  machine-language-instruction 
sequence w i l l  be  i n  t h e  output  b u f f e r ,  Both input  and output  b u f f e r s  
a r e  i nd ica t ed  i n  F igure  25.  A s  shown i n  F igure  2 9 ,  t h e  i n i t i a l  s t e p  
places the subprogrm address  i n  the output  b u f f e r ,  The f i r s t  o r  next  
r e l o c a t a b l e  word i s  read out  of the  i n p u t  b u f f e r  f o r  unpacking, The 
unpacking process  recognizes  t he  beginning and the  end of t h e  re loca-  
t a b l e  word a s  we l l  as t h e  f i e l d s  sf the word, The OP f i e l d  i s  f i r s t  
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decoded and t h e  fo l lowing  a d d r e s s  m o d i f i c a t i o n  occurs .  
( a )  I f  OP is  1, i t  i n d i c a t e s  d a t a  ( fo rmat  A shown i n  F i g u r e  2 2 ) .  
S i n c e  i t  i s  n o t  an a d d r e s s ,  no a d d r e s s  m o d i f i c a t i o n  i s  r e q u i r e d .  
The FS b y t e s  o f  t h e  FED f i e l d  a r e  p laced  i n  t h e  n e x t  availa'c1.e 
b y t e s  i n  t h e  o u t p u t  b u f f e r ,  where FS deno tes  t h e  s i z e  of t h e  
FLD f i e l d  i n  b y t e s .  
(b) I f  OP i s  2 ,  i t  i n d i c a t e s  a  r e l a t i v e  a d d r e s s  ( format  B ) .  The FS 
b y t e s  of t h e  FLD f i e l d  ( t h e  r e l a t i v e  address )  is added t o  t h e  
subprogram a d d r e s s  (such a s  17000 i n  F i g u r e  2 6 ) .  The sum i s  placed 8 
i n  t h e  n e x t  FS b y t e s  of t h e  o u t p u t  b u f f e r .  
(c) I f  OP i s  3 ,  i t  i n d i c a t e s  a  common d a t a  a d d r e s s  ( format  C). The 
index  i n  t h e  FLD f i e l d  (which is  an  a d d r e s s  r e l a t i v e  t o  CST) 
(such as 2000 i n  F i g u r e  25) .  The a b s o l u t e  a d d r e s s  s t o r e d  a t  8 
t h i s  l o c a t i o n  is  r e t r i e v e d .  I f  f i e l d  I1 c o n t a i n s  1 o r  2 ,  t h e  
c o n t e n t s  of t h e  I N C  a r e  added t o  o r  s u b t r a c t e d  from t h e  a b s o l u t e  
a d d r e s s ,  r e s p e c t i v e l y .  I f  f i e l d  I1 c o n t a i n s  0 ,  t h e r e  i s  no a d d r e s s  
m o d i f i c a t i o n ,  I n  any of t h e  t h r e e  c a s e s ,  the r e s u l t i n g  a d d r e s s  
i s  t h e n  p laced  i n  t h e  n e x t  FS b y t e s  of t h e  o u t p u t  b u f f e r .  
(d)  I f  OP i s  4 ,  i t  i n d i c a t e s  a n  e x t e r n a l  a d d r e s s  ( format  D ) .  The FS 
b y t e s  of t h e  FLD f i e l d  (which i s  a n  a d d r e s s  r e l a t i v e  t o  UST) is  
added t o  t h e  a d d r e s s  of t h e  Undefined Symbol Table  (UST) (such 
as 3000 i n  F i g u r e  2 5 ) ,  The index  s t o r e d  a t  t h i s  l o c a t i o n  is  8 
r e t r i e v e d  and added t o  t h e  a d d r e s s  of t h e  Defined Symbol T a b l e  
(DST) (such a s  1000 i n  F i g u r e  2 5 ) -  Then, t h e  a b s o l u t e  a d d r e s s  8 
at t h i s  Locat ion i s  retrieved, I f  f i e l d  L L  i s  0 ,  no f u r t h e r  
m o d i f i c a t i o n  of t h e  a d d r e s s  is  r e q u i r e d .  I f  f i e l d  L I  i s  1 o r  2 ,  
t h e  c o n t e n t s  of t h e  I N C  f i e l d  a r e  added t o  o r  s u b t r a c t e d  from 
t h e  a b s o l u t e  a d d r e s s ,  r e s p e c t i v e l y ,  I n  any of t h e  t h r e e  c a s e s ,  t h e  
a b s o l u t e  a d d r e s s  1s placed  l r i  t h e  n e x t  PS b y t e s  of t h e  o u t p u t  
bvf f e r  , 
(e) I f  OP is 5 ,  ~t i n d i c a t e s  t h e  end of t h e  r e l o c a t a b l e  code ( format  
E j  . AL c h i s  pui r l l - ,  tiie b i - d r ~ s l a t i o ~ l  i s  t e ~ i i t i n a t e d .  
A f t e r  one of t h e  above o p e r a t i o n s  is  performed,  t h e  n e x t  r e l o c a t a b l e  
word is read  o u t  o f  t h e  i n p u t  b u f f e r  , Unpaclcing, decoding and a d d r e s s  
m o d i f i c a t i o n  c o n t i n u e s  on u n t i l  t h e  end of t h e  r e l o c a t a b l e  code. A t  
t h i s  t ime ,  the t r a n s l a t i o n  i s  completed,  This  t r a n l a t i o n  p r o c e s s  
w i l l  h e  f u r t l l e r  described i n  Inare d e t a i  1 l a t e 7  when t h e  sequence c h a r t s  
a r e  p r e s e n t e d ,  
A s  arj exsmplc,  let Lhc re1oca~abI.e code i n  F i g u r e s  23 and 2 4  
be  t h e  Input; t h e  o i~ tpu i .  from t h e  t r a x r s l a t i o n  i s  t h e  e x e c u t a b l e  code 
shown I'r? F igure  26,  Word I_ i n  F i g u r e  26 c o n t a i n s  t h e  a b s o l u t e  a d d r e s s  
1108i) a t  ~ i i ~ i c h  "eke s t ~ b s e q u e n t  machine-La-nginage-iilstruction sequence 8 
is t o  b e  loaded ,  Words 2 tlarough 64 are assumed t o  b e  some o t h e r  p a r t  
of the subprcgraaa. Kelocakable  words 1, 2 ,  and 3 i n  F i g u r e  23  c o n t a i n  
dara and a r z  i hus tr;al-tsiated witl-roclt modification t o  words 65,  66,  and 
6 4  o f  chc output buffer as shrjw~r in Figure 2 6 .  R e l o c a t a b l e  word 4 
i n  F i g u r e  23 c ~ l s o  contains d a t a  and i s  t r a n s l a t e d  w i t h o u t  m o d i f i c a t i o n  
t o  r h e  f i r s t  1 b y t e s  uF uord 68 Ln F i g u r e  2 6 ,  R e l o c a t a b l e  word 5  i n  
F i g u r e  2 3  stores r e l a r i v e  addres5 ;  t h u s ,  t h e  c o n t e n t s  of t h e  FLD 
f i e l d  a r e  a d d e d  t o  t h e  subprogram a d d r e s s  (14000 ) and t h e  r e s u l t  8 
is  "cher? p laced  a s  ~ l i z  ?.:EL 5 byiles of  vosci 68 (131(?28). Words 69 
th rough  711 i n  F i g ~ ~ i r ( e  76 ~ L P  s f e i l a r l y  r r a i ~ s l a t e c j  from r e l o c a t a b l e  words 
6 k.hn otig" 14 411 Fipi:ri> 23, ~ ~ ~ o i c l  15 i 9 - s  Y i z r ~ r e .  26 i s  a machine i n s t r u c -  
t i o n  w i t h  t w o  a d d r e s s ~ c :  f~ i s  trailslated ~ L O T ~ I  r e l o c a t a b l e  words 15 
~ f - ~ r o u g : ~  18 ln Figui-e 13 Kclocaf-able word 1 tahicir c o n t a i n s  the  op- 
code of t h e  i n s t r u c t i o n ,  becomes t h e  f i r s t  b y t e  of word 75,  Reloca- 
t a b l e  word 16 c o n t a i n s  an  index  (00010 ) t o  t h e  Common Symbol Tab le  8  
(CST). A t  t h e  8 t h  l o c a t i o n  r e l a t i v e  t o  a d d r e s s  CST (20008) i n  F i g u r e  
25, t h e  a b s o l u t e  a d d r e s s  i s  found r;o b e  l O O l C i  whose symbol ic  a d d r e s s  8 
name i s  ARR. S i n c e  f i e l d  I1 i s  1, a d d r e s s  10010 i s  incremented by 8  
t h e  c o n t e n t s  o f  f i e l d  ZNC t o  become b y t e s  2 through 6 o f  word 75 of 
t h e  o u t p u t  b u f f e r  (104648). R e l o c a t a b l e  word 1 7 ,  which c o n t a i n s  t h e  
index  of t h e  i n s t r u c t i o n ,  i s  t r a n s l a t e d  w i t h o u t  m o d i f i c a t i o n  t o  b y t e  
7 .  R e l o c a t a b l e  word 1 8  c o n t a i n s  an  i n d e x  (000208) t o  t h e  Undefined 
Symbol Table  (UST). A t  t h e  1 6 t h  l o c a t i o n  r e l a t i v e  t o  a d d r e s s  UST 
(30008) a s  shown i n  F i g u r e  25, t h e  index  i s  found t o  b e  5 and symbolic 
name t o  b e  DOT, Th i s  index  i s  t h e  a d d r e s s  (0005 ) r e l a t i v e  t o  t h e  8  
l o c a t i o n  DST ( lo00  ) of  t h e  Defined Symbol Table ,  At t h i s  l o c a t i o n  8  
(10058), a b s o l u t e  a d d r e s s  24232 is  found. S ince  f i e l d  I1 c o n t a i n s  8  
0 ,  no a d d r e s s  m o d i f i c a t i o n  is r e q u i r e d .  This a b s o l u t e  a d d r e s s  is e n t r y  
p o i n t  DOT, 
5 , 3  =figurat ion 
The c o n f i g u r a t i o n  o f  t h e  microprogrammed l o a d e r  is shown i n  
F i g u r e  28 e x c e p t  f o r  t h e  c o n t r o l  p a r t  which is t o  b e  shown subsequen t ly .  
Main memory M h a s  a d d r e s s  r e g i s t e r  AR and s t o r a g e  r e g i s t e r  SR. R e g i s t e r s  
READ and WRITE a r e  used t o  i n i t i a t e  a  memory r e a d  o r  memory w r i t e ,  
r e s p e c t i v e l y ,  The r e l o c a t a b l e  e lements  and t h e  i n p u t  and o u t p u t  b u f f e r s  
a r e  s t o r e d  i n  t h e  memory. There  a r e  e i g h t  index r e g i s t e r s ,  X 1 ,  X2, ... X8, 
which s c o r e  t h e  t a b l e  and b u f f e r  a d d r e s s e s  d u r i n g  t r a n s l a t i o n .  R e g i s t e r s  
OP,  FS, and I L  s t o r e  the OP f i e l d ,  FS f i e l d ,  and t h e  I1 f i e l d ,  r espec-  
t i v e l y ,  of a  r e l o c a t a b l e  word, Unpacking o f  a  r e l o c a t a b l e  word and 
Main Mamory 
Figure 2 8  Configuration for Translating Relocatable Code 
a d d r e s s  m o d i f i c a t i o n  of i t s  a d d r e s s  p a r t  a r e  performed i n  r e g i s t e r s  
A and B. S i n g l e - b i t  r e g i s t e r  SH i n d i c a t e s  t h a t  r e g i s t e r  B o r  cas- 
r e g i s t e r  A-B i s  s h i f t e d  t o  t h e  l e f t  accord ing  t o  r e g i s t e r  SH c o n t a i n i n g  
a  0 o r  1, r e s p e c t i v e l y .  S i n g l e - b i t  r e g i s t e r  UNPACK is a c o n t r o l  
r e g i s t e r  f o r  c a l l i n g  t h e  unpacking sequence.  I n  a d d i t i o n ,  t h e r e  a r e  
t h r e e  c o u n t e r s  C 1 ,  C2, and C3. 
Comment, c o n f i g u r a t i o n  o f  t h e  t r a n s l a t o r  (8) 
R e g i s t e r ,  A(1-36) , $accumulator  
B(1-51) , Sunpacking r e g i s t e r  
AR(1-15), $ a d d r e s s  r e g i s t e r  
S R ( ~ - 3 6 )  , $ s t o r a g e  r e g i s t e r  
~ l ( 1 - 1 5 )  , $ s t o r e  t h e  I N C  f i e l d  
X2 (1-15) , $ s t o r e  INPUT a d d r e s s  
x3  (1-15) , $ s t o r e  OUTPUT a d d r e s s  
X4(1-15) , $ s t o r e  CST 
X5(1-15) , $ s t o r e  UST 
XS (1-L5), $ s t o r e  DST 
X7(1-15) , $ s t o r e  subprogram a d d r e s s  
X8(1--15) , $temporary s t o r a g e  
OP (1-3) , Sop-regis t e r  
PS(1-4) , $ f i e l d  s i z e  r e g i s t e r  
11 (1-2) 9 $ inc rement ing  i n d i c a t o r  
Cl(1-4) , $count  l e f t  s h i f t s  i n  c a s r e g i s t e r  AB 
C2(E-4) , Scoun' l e f t s h i f t s  i n  r e g i s t e r  B 
63 (1-4) , $count  L e f t s h i f t s  i n  r e g i s t e r  A 
SB , $ s h i f t - c o n t r o l  r e g i s t e r  
UNPACK, $ c o n t r o l  r e g i s t e r  
~~~, $memory r e a d  r e g i s t e r  
WRITE, $memory w r i t e  r e g i s t e r  
Subreg i s  ter , B (ADR) =B(l-15) , $ a d d r e s s  p a r t  of unpacking r e g i s t e r  
B (IN>=B (16-51) S i n p u t  p a r t  of unpacking r e g i s t e r  
S ~ ( A ~ ) = s R ( 2 2 - 3 6 )  $address  p a r t  of s t o r a g e  r e g i s t e r  
Memory, M(AR)=M(O-32791,l-36) $main memory 
C a s r e g i s  ter , AB (1-87) =A-B 
5 .4  Sequence c h a r t s  
The t r a n s l a t i o n  a l g o r i t h m  i n  F i g u r e  27 i s  now conver ted 
i n t o  sequence c h a r t s .  Block diagram i n  F i g u r e  29 shows t h a t  t h e  t r a n s -  
l a t i o n  is  organ ized  i n t o  f o u r  sequences:  i n i t i a l i z a t i o n ,  f e t c h ,  a d d r e s s  
m o d i f i c a t i o n ,  and unpacking. The sequence c h a r t s  are shown i n  F i g u r e s  
30 t o  3 3 .  A s  i n d i c a t e d  by t h e  d o t t e d  l i n e s ,  t h e  unpacking sequence 
i s  c a l l e d  d u r i n g  t h e  f e t c h  sequence and t h e  a d d r e s s  m o d i f i c a t i o n  sequence.  
The i n i t i a l i z a t i o n  sequence i n i t i a l i z e s  t h e  t r a n s l a t i o n .  The f e t c h  
sequence f e t c h e s  a r e l o c a t a b l e  word, unpacks i t  and decodes i t .  The 
a d d r e s s  m o d i f i c a t i o n  sequence performs t h e  a d d r e s s  m o d i f i c a t i o n .  The 
unpacking sequence performs t h e  t a s k  of read ing  a  r e l o c a t a b l e  word 
o u t  of t h e  i n p u t  b u f f e r ,  s h i f t i n g  c a s r e g i s t e r  AB t o  t h e  l e f t ,  and s t o r i n g  
a machine i n s t r u c t i o n  i n t o  t h e  o u t p u t  b u f f e r .  
It is  assumed t h a t  t h e  r e l o c a t a b l e  e lement  and t h e  b u f f e r s  
a r e  i n i t i a l l y  i n  t h e  memory, The r e l o c a t a b l e  e lement  i s  i n  t h e  form 
of a s t r i n g  of d i g i t s  a s  shown i n  F i g u r e  24. The a d d r e s s e s  of t h e  
t a b l e s  and b u f f e r s  are i n  t h e  index  r e g i s t e r s  a s  d e s c r i b e d  below, 
(a )  i n p u t  b u f f e r  l o c a t i o n  i n  r e g i s t e r  X 2 ,  
(b) o u t p u t  b u f f e r  l o c a t i o n  i n  r e g i s t e r  X3, 
( c )  CST Locat ion i n  r e g i s t e r  X4, 
Initialization 
_ -  _ _ - - _ _  I 
I 
I 
I 
I 
- $ 
I 
I 
I 
Modification 
I 
- A -- - - - .- --. I 
Figure 29 Flow chart showing the four sequences 
for translation of relocatable code 
to executable code 
(d) UST l o c a t i o n  i n  r e g i s t e r  X 5 ,  
( e )  DST l o c a t i o n  i n  r e g i s t e r  X6, 
( f )  subprogram a d d r e s s  i n  r e g i s t e r  X7, 
I n  t h e  sequence c h a r t s ,  a  memory r e a d  w i l l  b e  i n d i c a t e d  
w i t h  t h e  CDL s t a t e m e n t  
SRf -M(AR) . 
A memory w r i t e  w i l l  b e  i n d i c a t e d  s i m i l a r l y  as 
M(AR) f-SR. 
Th is  is  done f o r  c l a r i t y  a l o n e .  The a e t u a l  r e a d  of memory i s  i n i t i a t e d  
by s e t t i n g  t h e  r e g i s t e r  READ t o  one (READ--1) w h i l e  t h e  memory w r i t e  
i s  i n i t i a t e d  by s e t t i n g  t h e  r e g i s t e r  WRITE t o  one (WRITE--1). The t r a n s -  
f e r  of i n f o r m a t i o n  o c c u r s  as a  r e s u l t  of t h i s .  
5 .4 .1  
The i n i t i a l i z a t i o n  sequence as shown i n  F i g u r e  30 per-  
forms f i v e  t a s k s .  It r e a d s  t h e  f i r s t  word o u t  o f  t h e  i n p u t  b u f f e r  
( l o c a t i o n  i n  r e g i s t e r  X2) and s t o r e s  i t  i n  s u b r e g i s t e r  B(1N). It p l a c e s  
t h e  subprogram a d d r e s s  i n  r e g i s t e r  X7 i n t o  s u b r e g i s t e r  B(ADR). It 
increments  r e g i s t e r  X2 by 1. It resets r e g i s t e r  A t o  0 .  And i t  sets 
t h e  i n i t i a l  c o n t e n t s  of c o u n t e r  C 1 ,  C2, and C3 t o  b e  5, 12 ,  and 7 ,  
r e s p e c t i v e l y .  
Counter C l  c o u n t s  t h e  number o f  l e f t s h i f t s  of c a s r e g i s t e r  
AB i n  b y t e s .  The s h i f t i n g  o f  t h e  5-byte subprogram a d d r e s s  from sub- 
r e g i s t e r  B(ADR) t o  s u b r e g i s t e r  A(22-36) i s  c o n t r o l l e d  by s e t t i n g  
counter  Cb t o  5 and t h e n  coun t ing  d o ~ m  u n t i l  i t  r e a c h e s  0 .  Counter 
C 2  counts  t h e  number of l e f t s h i f t s  of r e g i s t e r  B i n  b y t e s .  The i n d i -  
c a t i o n  t o  read  t h e  n e x t  word from t h e  i n p u t  b u f f e r  i n t o  s u b r e g i s t e r  
Start 
0 
Figure 30 Sequence chart for the initialization 
sequence 
B(IN) i s  given by s e t t i n g  counter C2 t o  12 and then counting down 
u n t i l  i t  reaches 0, Counter C3 counts t h e  number of by tes  t h a t  a r e  
s h i f t e d  i n t o  r e g i s t e r  A where machine i n s t r u c t i o n  is  being assembled. 
The f i v e  l e f t s h i f t s  requi red  t o  complete t h e  f i r s t  machine i n s t r u c t i o n  
i n  r e g i s t e r  A i s  con t ro l l ed  by s e t t i n g  counter  C 3  t o  7 and then counting 
up u n t i l  i t  reaches 12. 
5 .4.2 
The f e t c h  sequence a s  shown i n  F igure  31  performs four  t a sks .  
It s h i f t s  t h e  word i n  s u b r e g i s t e r  B(IN) t h e  number of by te  p o s i t i o n s  
t o  t h e  l e f t  i nd i ca t ed  by counter  C 1  s o  t h a t  t h e  next  r e l o c a t a b l e  word 
is now l e f t - a d j u s t e d  i n  r e g i s t e r  B. By making t h i s  l e f t s h i f t  occuring 
i n  c a s r e g i s t e r  AB, i t  a l s o  s h i f t s  t he  address  o r  d a t a  i n  t he  l e f t  
p a r t  of r e g i s t e r  B i n t o  r e g i s t e r  A. It then t r a n s f e r s  t h e  contents  of 
OP, FS, and II f i e l d s  i n  s u b r e g i s t e r  B(1-3) , B(4-7) , and B (8-9) t o  
r e g i s t e r s  OP, PS, and P I ,  r e spec t ive ly .  Since these  t h r e e  f i e l d s  i n  
s u b r e g i s t e r  B(1-9) a r e  of no f u r t h e r  use ,  r e g i s t e r  .B is  l e f t s h i f t e d  
3 b y t e  p o s i t i o n s  s o  t h a t  t h e  FLD f i e l d  of t h e  r e l o c a t a b l e  word i s  l e f t -  
ad jus ted  i n  r e g i s t e r  B. 
I n  t h e  above t a s k s ,  t h e r e  a r e  two l e f t  s h i f t s ;  one i n  r e g i s t e r  
B and the  o the r  i n  c a s r e g i s t e r  BB. These two s h i f t s  a r e  i nd ica t ed  by 
r e g i s t e r  SN conta in ing  0 and 1, r e spec t ive ly .  Such a  l e f t s h i f t  i s  a l s o  
requi red  i n  t h e  address  modi f ica t ion  sequence, For convenience, a  
subsequence c a l l e d  t h e  is  formed. This sub- 
sequence i s  "ca l led"  by s e t t i n g  r e g i s t e r  UNPACK LO 1 and " re turns"  
t o  t h e  c a l l i n g  sequence by r e s e t t i n g  r e g i s t e r  UNPACK to 0 i n  t h e  
subsequence. Af t e r  t he  sequence register t ~ ~ ~ m  i s  se t  t o  l j  t h e  
Figure 3%. S e  chart for the fetch sequence 
sequence c o n s t a n t l y  examines r e g i s t e r  UNPACK and w a i t s  f o r  i ts  c o n t e n t s  
t o  become 0 ,  When r e g i s t e r  UNPACK i s  b e i n g  s e t  t o  1, r e g i s t e r  SH 
shou ld  a l s o  b e  set t o  0 o r  1 i n  o r d e r  t o  s e l e c t  one of t h e  two p o s s i b l e  
l e f t s h i f t s .  
5 . 4 . 3  
The unpacking subsequence a s  shown i n  F i g u r e  32 performs f o u r  
t a s k s .  The f i r s t  t a s k  c a r r i e s  o u t  t h e  l e f t s h i f t  a s  d e s c r i b e d  by t h e  
f o l l o w i n g  c o n d i t i o n a l  micro-s ta tement .  
I F  (SH=O) THEN (Be-3 s h l  B) ELSE (ABG-3 s h l  AB) 
and decrements c o u n t e r  C 1  u n t i l  i t  r e a c h e s  0, When counte r  C 1  becomes 
0 ,  r e g i s t e r  UNPACK i s  reset t o  0. The second t a s k  i s  t o  r e a d  a  word 
o u t  of t h e  i n p u t  b u f f e r  l o c a t e d  by r e g i s t e r  X2  i n t o  s u b r e g i s t e r  B(1N); 
t h i s  i s  c o n t r o l l e d  by c o u n t e r  C 2 ,  When c o u n t e r  C2 r e a c h e s  0 ,  r e a d i n g  
of t h e  word from t h e  i n p u t  b u f f e r  i s  c a r r i e d  o u t .  The t h i r d  t a s k  i s  
t o  s t o r e  a  machine i n s t r u c t i o n  assembled i n  r e g i s t e r  A i n t o  t h e  o u t p u t  
b u f f e r  l o c a t e d  by r e g i s t e r  X 3 ;  t h i s  is  c o n t r o l l e d  by c o u n t e r  C3. When 
counte r  C 3  r e a c h e s  12 ,  s t o r i n g  of t h e  assembled i n s t r u c t i o n  i n  r e g i s t e r  
A i s  c a r r i e d  o u t .  Th i s  can  l o g i c a l l y  o c c u r  o n l y  a f t e r  C 1  becomes zero .  
The f o u r t h  t a s k  i s  w a i t i n g .  A s  shown i n  F i g u r e  32, t h e r e  i s  a  w a i t i n g  
loop  d u r i n g  which t h e  UNPACK subsequence c o n s t a n t l y  examines r e g i s t e r  
UNPACK and w a i t s  f o r  i t s  c o n t e n t s  t o  become 0. 
It shou ld  b e  n o t e d  t h a t  i n  o r d e r  t o  c a l l  t h e  UNPACK sub- 
sequence,  r e g i s t e r  UNPACK shou ld  b e  set t o  1, r e g i s t e r  SH should  b e  
set t o  0 o r  b ,  and c o u n t e r  CL should  be  s e t  t o  a  c e r t a i n  i n i t i a l  v a l u e .  
5 , 4 , 4  
The a d d r e s s  m o d i f i c a t i o n  sequence a s  shown i n  F i g u r e  33 per -  
forms t h e  o p e r a t i o n s  s p e c i f i e d  by t h e  OP and I1 f i e l d s  an  t h e  operands  
I 
i ELSE (RRt--3 s h l  AB) , I 
F i g u r e  3 2  Sequence chart for the unpacking subsequence 
I x ~ * - - S R  (AD) / 
Figure 33 Sequence chart for the address modification 
sequence 
i n  t h e  FLD and LNC f i e l d s .  A s  shown i n  F i g u r e  33, i f  t h e  OP f i e l d  
c o n t a i n s  l, t h e r e  i s  no a d d r e s s  m o d i f i c a t i o n .  Lf t h e  OP f i e l d  c o n t a i n s  
2, t h e  a d d r e s s  i n  s u b r e g i s t e r  B(ADR) i s  incremented by t h e  subprogram 
a d d r e s s  i n  r e g i s t e r  X7. Whether t h e  OP f i e l d  i s  i o r  2 ,  t h e  c o n t e n t s  
of t h e  FS f i e l d  a r e  t r a n s f e r r e d  t o  c o u n t e r  C l .  
I f  t h e  OP f i e l d  c o n t a i n s  3, t h e  index  i n  s u b r e g i s t e r  B(ADR) 
i s  incremented by t h e  l o c a t i o n  of t h e  Common Symbol Tab le  i n  r e g i s t e r  
X 4 .  The word i s  r e a d  o u t  of t h i s  memory l o c a t i o n  and s t o r e d  i n  r e g i s t e r  
X 8 .  I f  t h e  OP f i e l d  c o n t a i n s  4, t h e  index  i n  s u b r e g i s t e r  B(ADR) i s  
incremented by t h e  l o c a t i o n  of t h e  Undefined Symbol Tab le  i n  r e g i s t e r  
X 5 .  At t h i s  l o c a t i o n  i s  a n o t h e r  a d d r e s s ,  This a d d r e s s  i s  read  ou t  o f  
t h e  memory, s t o r e d  i n  r e g i s t e r  X 8 ,  and incremented by t h e  l o c a t i o n  o f  
t h e  Defined Symbol Table  i n  r e g i s t e r  X 6 ,  Then, t h e  c o n t e n t s  of t h i s  
memory l o c a t i o n  a r e  r e a d  o u t  o f  t h e  memory and s t o r e d  i n  r e g i s t e r  X 8 .  
I f  t h e  OP f i e l d  c o n t a i n s  3 o r  4 and i f  t h e  I1 f i e l d  i s  n o t  
0, an  a d d i t i o n  o r  a s u b t r a c t i o n  is  y e t  r e q u i r e d .  The c o n t e n t s  of 
t he  LNG f i e l d  a r e  f i r s t  s h i f t e d  i n t o  s u b r e g i s t e r  B(ADR) and a r e  t h e n  
added ( i f  1.1 i s  I) t o  o r  s u b t r a c t e d  ( i f  I1 is  2)  from t h e  c o n t e n t s  
i n  r e g i s t e r  X 8  w i t h  t h e  r e s u l t  s t o r e d  i n  s u b r e g i s t e r  B(ADR).  The 
s u b t r a c t i o n  i s  performed by a d d i t i o n  of 2 %  complement of t h e  sub- 
t r ahend .  b%ether t h e  OP f i e l d  is  3 o r  4 ,  t h e  c o n t e n t s  of t h e  FS f i e l d  
a r e  t r a n s f e r r e d  t o  coun te r  61.  
A t  t h i s  p o i n t ,  t h e  a d d r e s s  m o d i f i c a t i o n  sequence i s  completed 
and r e t u r n s  t o  t h e  f e t c h  sequence,  
The b lock  diagr3m i n  F i g u r e  34 shows t h e  c o n f i g u r a t i o n  o f  t h e  
ionc~03C 
c o n t r o l  s i g n a l s  
F igu re  34. Block diagram showing t h e  c o n f i g u r a t i o n  
o f  t h e  c o n t r o l  u n i t  
c o n t r o l  u n i t .  Cont ro l  memory CM h a s  a  c a p a c i t y  of 256 36-b i t  words 
w i t h  a d d r e s s  r e g i s t e r  CAR and b u f f e r  r e g i s t e r  P .  The $ - b i t  r e g i s t e r  
RETURN s t o r e s  a c o n t r o l  memory a d d r e s s  f o r  s u b r o u t i n e  r e t u r n .  The 
four-phase  c l o c k  P(0-3)  i n  c o n j u n c t i o n  w i t h  t h e  s i n g l e - b i t  r e g i s t e r s  
RUN and C ,  and t h e  4 - b i t  r e g i s t e r  MC g e n e r a t e s  t h e  c o n t r o l  s i g n a l s .  
Switch START i n i t i a t e s  t h e  micro-programed computer. The above con- 
f i g u r a t i o n  i s  now d e s c r i b e d  by t h e  f o l l o w i n g  CDL s t a t e m e n t s .  
Comment, c o n f i g u r a t i o n  f o r  t h e  microprogram c o n t r o l  (9) 
R e g i s t e r  , cAR(1-81, $ c o n t r o l  memory a d d r e s s  r e g i s t e r  
P(l-36) , $ c o n t r o l  word r e g i s t e r  
RETURN (1-8)  , $micro-subrout ine  r e t u r n  r e g i s t e r  
MC (0-3)  , $ r e g i s t e r  f o r  sequencing main memory c y c l e s  
D 9 $memory c y c l e  w a i t  r e g i s t e r  
WN , $ s t a r t - s t o p  r e g i s t e r  
Subreg i s  t e r  , P (ADS) =F (1-8) Saddress  p o r t i o n  of t h e  c o n t r o l  word 
Memory cM(cAR)-m(0-255 I 1-36) 
Swi tch ,  S"JIAT(0N) , $ s t a r t  s w i t c h  
Comment, each c o n t r o l  memory c y c l e  c o i n c i d e s  w i t h  one c l o c k  c y c l e ,  and 
each main memory c y c l e  c o i n c i d e s  w i t h  f o u r  c o n t r o l  memory c y c l e s .  
Cl.ock, P(0-3)  , S f ~ u r - ~ h a s e  c l o c k  
5 - 6  Timing and Cont ro l  S i g n a l s  
Each main memory c y c l e  i s  chosen t o  c o n s i s t  of f o u r  c o n t r o l  
memory c y c l e s ,  and each c o n t r o l  memory c y c l e  c o i n c i d e s  w i t h  one c l o c k  
c y c l e ,  T h e r e f o r e ,  there  a r e  4 s t e p s  i n  each c o n t r o l  memory c y c l e  and 
1 6  s t e p s  i n  each main memory c y c l e ,  The c o n t r o l  s i g n a l s  f o r  t h e s e  
3.6 s t e p s  a r e  described by t h e  fo l lowing  sequence of 16 l a b e l s ,  
Comment, c o n t r o l  s i g n a l s  expressed  by t h e  l a b e l s  (10 
/MC (0)  *P (0) *RUN/ $beginning of a  main and a  c o n t r o l  memory c y c l e  
/MC ( 0 ) " ~   RUN/ 
/MC (0) *P ( 2 )  *RUN/ 
/Mc (0)  ( 3 )  *RUN/ 
/MC ( I )  *P (0)  *RUN/ 
/ M C ( ~ ) * P ( L ) * R U N /  
/Mc ( I )  *P ( 2 )  *RUN/ 
/MC (1) *P (3)  *RUN/ 
/MC ( 2 )  *P ( 0 )  *RUN/ 
/MC (2)  *P (l)>\RUN/ 
/MC (2)*P(2)aRUN/ 
/MC (2) *P (3)*RUN/ 
/Mc ( 3 )  *I? (O)*RUN/ 
/MC (3)"P (l)*RUN/ 
/MC ( 3 ) " ~  (2)*RUN/ 
/ M 6  (3)*P (3)*RUN/ D4-0, Send of b o t h  memory c y c l e s  
$end of a  c o n t r o l  memory c y c l e  
$beginning of a  c o n t r o l  memory c y c l e  
$end of a  c o n t r o l  memory c y c l e  
$beginning of a  c o n t r o l  memory c y c l e  
$end of a  c o n t r o l  memory c y c l e  
$beginning of a  c o n t r o l  memory c y c l e  
I n  the  above l a b e l s ,  the  f o u r  s t e p s  i n  each c o n t r o l  memory c y c l e  a r e  
c o n t r o l l e d  by t h e  four  phases  of c l o c k  P(O-3) and t h e  f o u r  c o n t r o l  
memory c y c l e s  i n  each main memory c y c l e  a r e  c o n t r o l l e d  by t h e  f o u r  
states of r i n g  c o u n t e r  MC(0-3). R e g i s t e r  RUN i s  employed t o  a c t i v a t e  
the c o n t r o l  s i g n a l s  f o r  t h e  16 s t e p s  i n  a  main memory c y c l e  as  i n d i -  
c a t e d  i n  F i g u r e  3 4 ,  
During each main memory c y c l e ,  a n  i n s r r u c t i o n  i s  read  o u t  o f  
o r  w r i t t e n  i n t o  t h e  main memory, I t  is now s p e c i f i e d  t h a t  t h e  t r a n s f e r  
of t h e  main memory a d d r e s s  t o  r e g i s t e r  Al? and t h e  i n i t i a t i o n  of t h e  
main memory r e a d  o r  w r i t e  must occur  d u r i n g  t h e  second s t e p  ( i . e . ,  
/ M c ( ~ ) * P ( ~ ) * R u N / ) .  For a  r e a d  o p e r a t i o n ,  t h e  word i s  a v a i l a b l e  a t  
b u f f e r  r e g i s t e r  SR d u r i n g  t h e  s i x t h  s t e p  ( i . e . ,  / M C ( l ) * p ( l ) * ~ u N / ) .  
For a  w r i t e  o p e r a t i o n ,  t h e  word t o  be  s t o r e d  i n t o  t h e  memory i s  t r a n s -  
f  e r e d  i n t o  b u f f e r  r e g i s t e r  SR b e f o r e  t h e  1 2 t h  s t e p  (/MC(2)ikP (3)*BUN/) .  
I f  c e r t a i n  mic ro-opera t ions  occur i n  every c o n t r o l  memory 
c y c l e ,  t h e  fo l lowing  sequence of f o u r  l a b e l s  i s  used ,  
/P (0) *RUN*D ' / ~4-CM(CAR) $beginning of a  c o n t r o l  memory c y c l e  
/P (I)  *RUN*D / 
/P  ( 2 )  *RUN*D ' / 
/ P  (3) *RUN*DS / $end of a  c o n t r o l  memory c y c l e  
I n  t h e  above sequence of l a b e l s ,  r e g i s t e r  D i s  used t o  c o n t r o l  t h e  
advance o r  s t o p  of t h e  4 s t e p s  i n  a c o n t r o l  memory c y c l e .  When r e g i s -  
t e r  D c o n t a i n s  a  0 ,  t h e  sequence of t h e  l a b e l s  e x i s t ;  o t h e r w i s e ,  i t  
d i s a p p e a r s ,  
During each c o n t r o l  memory c y c l e ,  a  m i c r o - i n s t r u c t i o n  i s  read  
o u t  of t h e  c o n t r o l  memory. It is  now s p e c i f i e d  t h a t  t h e  t r a n s f e r  of 
t h e  c o n t r o l  memory a d d r e s s  t o  r e g i s t e r  CAR and t h e  i n i t i a t i o n  of t h e  
c o n t r o l  memory read  must occur  d u r i n g  c l o c k  phase  P(3)  of t h e  p receed ing  
c o n t r o l  memory c y c l e ,  and t h e  c o n t r o l  word becomes a v a i l a b l e  a t  b u f f e r  
r e g i s t e r  F d u r i n g  t h e  f i r s t  c lock  phase  P(0)  of t h e  c u r r e n t  c o n t r o l  
memory c y c l e .  Micro-operat ions  a c t i v a t e d  by t h e  m i c r o - i n s t r u c t i o n  
i n  r e g i s t e r  a r e  executed d u r i n g  c l o c k  phases  P(1-3) of t h e  c u r r e n t  
controol memory cycle, 
R e g i s t e r  D is  a u t o m a t i c a l l y  s e t  t o  ze ro  a t  t h e  end of each 
main memory c y c l e  (/MC(3)*P(3)*RUN/). Thus, when w a i t i n g  t o  t h e  
beg inn ing  of t h e  main memory c y c l e  i s  r e q u i r e d ,  r e g i s t e r  D i s  s e t  t o  
one t o  s t o p  g e n e r a t i o n  of t h e  c o n t r o l  s i g n a l s  dur ing  a  c o n t r o l  memory 
c y c l e ,  b u t  t h e  c o n t r o l  s i g n a l s  f o r  t h e  main memory c y c l e  c o n t i n u e .  
I f  a  m i c r o - i n s t r u c t i o n  is f e t c h e d  a t  t h e  beg inn ing  of a  main memory 
c y c l e  and r e g i s t e r  D is set t o  one a t  t h e  same t i m e ,  t h e n  t h e  micro- 
i n s t r u c t i o n  remains i n  r e g i s t e r  F  f o r  one main memory c y c l e ,  a s  w i l l  
b e  l a t e r  d e s c r i b e d .  
5 .7  Cont ro l  word format 
Tab le  3  shows t h e  format  of t h e  c o n t r o l  word. The 36 b i t s  of 
each c o n t r o l  word i n  r e g i s t e r  F  a r e  d i v i d e d  i n t o  t h r e e  groups:  
( a )  f i e l d  F(1-8) which c o n t a i n s  a c o n t r o l  memory a d d r e s s ,  
(b) f i e l d  F(9-23) which i s  d i v i d e d  i n t o  f i v e  s u b f i e l d s  w i t h  
a  decoder  a t t a c h e d  t o  each s u b f i e l d ,  
( c )  f i e l d  F(24-36) where each b i t  c o n t r o l s  one micro-operat ion 
o r  a group o f  mic ro-opera t ions .  
There a r e  28 c o n t r o l  b i t s  i n  f i e l d  F(9-36) which c o n t r o l  4 3  execu t ion  
s t a t e m e n t s .  
F i e l d  F(1-8) p rov ides  a  two-way branch t o  each m i c r o - i n s t r u c t i o n .  
The f i v e  s u b f i e l d s  i n  f i e l d  F(9-23) a r e :  F(9-ll) , F(12-13), F(14-16), 
F(17-20) , and F(21-2 3 ) .  Each sub f i e l d  c o n t r o l s  micro-operat ions  whose 
occur rences  a r e  mutua l ly  e x c l u s i v e .  F i e l d  F(9-11) c o n t r o l s  micro- 
o p e r a t i o n s  which i n i t i a l i z e  t h e  t h r e e  c o u n t e r s .  F i e l d  F(12-13) c o n t r o l s  
coun t ing  mic ro-opera t ions .  F i e l d  F(14-16) c o n t r o l s  micro-operat ions  which 
l o a d  a d d r e s s  r e g i s t e r  AR. F i e l d  F(17-20) c o n t r o l s  mic ro-opera t ions  
which i n v o l v e  s t o r a g e  r e g i s t e r  S R  and r e g i s t e r  B .  F i e l d  F(21-23) 
c o n t r o l s  m i c r o - o g e r a t i o n s w h i c h  s e t  up t h e  c o n t r o l  memory a d d r e s s  i n  
Table  3 Cont ro l  Word Format 
C o n t r o l  memory a d d r e s s  f i e l d  
Xlf-countup X I ,  
X26-countup a ,  
X3t-countup X3,  
D e c o d e r  
DAR(0- 7) 
DAR ( 1) 
DAR(2) 
DAR( 3) 
DAR( 4 )  
DAR(5) 
DBS (0-15) 
DBS (1) 
DBS ( 2 )  
DBS(3)  
DBS ( 4 )  
DBS (5)  
DBS ( 6 )  
DBS ( 7 )  
D B S ( 8 )  
T a b l e  3 C o n t i n u e d  
C o n t r o l  
S i g n a l  
D 9 * P ( 3 )  
D '*P(3)  
D ' * P ( 3 )  
D 1 * P ( 3 )  
D 8 * P ( 3 )  
D '  * P ( 3 )  
..- ,,. \ .,.- / ..\ 
LVlL ( b )  Kt'(J) 
MC( 3) *P (3)  
AR+-X2, 
ARQ-X3, 
ARt -X8 a d d  X 4 ,  
AR4-X8 add X 5 ,  
AR4-X8 a d d  X 6 ,  
SR+-A, 
B( IN)<-SR,  
X8t-SR(AD) , 
X l t - B  (ADR) , 
B ( ADR) 4-X7,  
X8f-B(ADR) , 
B(ADR)f -X8 a d d  X1 ,  
1 B (ADR) 4 -X8 a d d  X7,  
I 
CAR<- co unt u p  CAR 
CAR<-F(ADS) 
CAR<-F( 1-5) -0P 
CAR<- RE TURN 
I F ( I I = O )  THEN (CAR<--F(ADS) ) ELSE ( C A R < - c o m t u p  CAR) 
I F ( I I = l )  THEN (CAR<-F(ADS)) ELSE ( C A R & - c o u n t u p  CAR) 
CAR* - c o u n t u p  CAR 
I F ( C 1 f O )  THEN (CARG-F(ADS)),  
I F  ( ( C l = O ) * ( C 3 f 1 2 ) )  THEN (CAR<--RETURN), 
T a b l e  3  Con t inued  
IF(SH=l)  THEN (C3t-countup  C3) ,  
Clf-countdn C 1 ,  
C2f-countdn C2, 
IF(C2-0) THEN(CAR4-countup CAR, 
I F  (MC(O) +MC(l)-kM~(2)=1) THEN (Wi-1) ), 
I F ( ( c l = O )  * ( ~ 2 # 0 )  * ( ~ 3 = 1 2 ) )  THEN (CAR<-F(ADS) , 
I F  (MC(O)+MC(~)+MC (2)=1)  THEN (Df-1)) 
RETURN*-CAR, 
F(Mc(0) +MC(l)+MC(2) =I) THEN (M-1)  
r e g i s t e r  CAR, 
The 13 c o n t r o l  b i t s  i n  f i e l d  F(24-36) c o n t r o l  t he  remaining 
micro-operations.  Note t h a t  b i t  F(24) c o n t r o l s  t h e  s h i f t  and t e s t  
micro-operations involving r e g i s t e r  B and c a s r e g i s t e r  A13 i n  two 
clock phases P(1) and P(3) .  
5.8 
This  s e c t i o n  p re sen t s  t h e  microprogram descr ibed  i n  t h e  CDL 
s t a t emen t s ,  The microprogram c o n s i s t s  of 24 micro-instruct ions:  
3  f o r  t he  unpacking subsequence, 2  f o r  t h e  i n i t i a l i z a t i o n  sequence, 
2  f o r  t he  f e t c h  sequence, and 16 f o r  t h e  address  modi f ica t ion  sequence, 
5 .8.1 
The t h r e e  micro- ins t ruc t ions  f o r  t h i s  subsequence a r e  descr ibed  
below. 
Comment, unpacking subsequence 
Comment, sh i f t - and - t e s t  micro- ins t ruc t ion  loca t ed  a t  C.M. address  63 (11) 
/D'*RUN*P(O) / F+-CM(CAR) ,
/D*Rm*P(l)*F(24)/ IF (SH-0) THEN (BC-3 s h l  B) ELSE (ABf-3 s h l  AB), 
IF (SH=l) THEN (C3f-countup C3), 
Clf-countdn C l ,  C2$-countdn C2, 
/D ' *RUbJ*P (3) *F (24) / IF (C2=0) THEN (CAR+-countup CAR, 
IF (MC(O)+MC (l)+MC(2)=1) THEN (De-1) ) , 
IF  ((Cl=O)*(C2#O)*(C3=12)) THEN (CAR$-F(ADS), 
IF  (MC(O)+MC(l)+MC(2)=1) THEN (D$-1) ) , $F(ADS)=65 
I F  ((Cl-6) *((C2ZO)*C3$12) ) THEN (CARf -RETUKN) 
Comment, load a  main-memory-word micro- ins t ruc t ion  loca ted  a t  C.M. address  64 
/D'*RUN$~P(O) / F6-CM(CARj , 
/RUN*MC(O)*P(l)*DAR(L)/ ARC-X2, 
/Rur\r*MC(O) *P (1) *F(31) / READ+-1 
/D'*RUN*P (1)  *DC (4 )  / C2<-12, 
/D1*RUN*P(2)*DX(2) / X2g-countup X2, 
/ D '  *RUN*P (3)  *F (33) / I F  (MC (O)+llC ( l ) + M ~ ( 2 ) = 1 )  THEN (Df-1) , 
Comment, t h i s  m i c r o - i n s t r u c t i o n  remains  i n  F u n t i l  t h e  end of t h e  main 
memory c y c l e  . 
/RUN"MC ( I )  *P (1)  / S R ~  -M (AR) , 
/RUN*MC ( Z ) ? ~ P  (I) DBS (2)  / B (IN) <-SIX, 
/ R U N * M C ( ~ > * P ( ~ ) * D T ( ~ ) /  CARf-countup CAR, 
/RUN*MC (3)  *P (3)  *DT (7>/ I F  (CLSO) THEN (CAR* -F (ADS) ) , $F(ADS) =63 
I F  ( ( ~ 1 ~ 0 )  * ( ~ 3 $ 1 2 )   THEN (CAR+-RETURN) , 
/RUN*MC(3)*P(3)/ Df-0, 
Comment, s t o r e  a main-memory word m i c r o - i n s t r u c t i o n  l o c a t e d  a t  C ,M.  
a d d r e s s  65 
Reg i s t e r  UNPACK i n  F i g u r e  32 i s  r e p l a c e d  by r e g i s t e r  RETURN 
i n  tile above d s s c r i p t i o n ,  m e n  the unpacking subsequence is  c a l l e d ,  t h e  
n e x t  c o n t r o l  memory a d d r e s s  i s  s t o r e d  i n  r e g i s t e r  RETURN, and t h e  
t r a n s f e r  from t h e  c a l l i n g  sequence t o  t h e  unpacking subsequence i s  
c a r r i e d  o u t  by mic ro-opera t ion  CARe-F(ADS). S u b r e g i s t e r  F(ADS) con- 
t a i n s  t h e  a d d r e s s  of t h e  unpacking subsequence i n  t h e  c o n t r o l m e m o r y .  
When t h e  unpacking subsequence i s  t e r m i n a t e d ,  t h e  r e t u r n  t o  t h e  c a l l i n g  
sequence i s  performed by micro-operat ion CAR<-RETURN. 
A s  is  shown above,  t h e  f i r s t  m i c r o - i n s t r u c t i o n  i s  l o c a t e d  
a t  c o n t r o l  memory a d d r e s s  63. A s  shown i n  t h e  sequence c h a r t  of F i g u r e  
32,  i n  a d d i t i o n  t o  s h i f t i n g  r e g i s t e r . B  of c a s r e g i s t e r  AB, t h i s  micro- 
i n s t r u c t i o n  performs a  four-way branch a s  below, 
( a )  I f  c o n d i t i o n  (ClfO)*(C2+0) is  t r u e ,  t h e n  r e p e a t  t h e  s h i f t -  
a n d - t e s t  m i c r o - i n s t r u c t i o n ;  
(b) I f  c o n d i t i o n  (C2=0) i s  t r u e ,  t h e n  a  word i n  t h e  i n p u t  b u f f e r  
is  r e a d  o u t  of t h e  main memory and s t o r e d  i n  s u b r e g i s t e r  
B ( I N )  ; 
( c )  I f  c o n d i t i o n  (Cl=O)*(C2#O)*(C3=12) i s  t r u e ,  t h e n  t h e  c o n t e n t s  
i n  r e g i s t e r  A a r e  w r i t t e n  i n t o  t h e  o u t p u t  b u f f e r  i n  t h e  r;i,;ii~. 
tiiemory ; 
(d )  I f  c o n d i t i o n  (C1=0) * (C2ZO) * (C3fl2) i s  t r u e ,  t h e n  t h e  unpacking 
subsequence i s  t e r m i n a t e d ,  and t h e  c o n t r o l  i s  r e t u r n e d  t o  t h e  
c a l l i n g  sequence.  
I f  t h e  branch (b) o r  (c)  i s  performed, t h e  w a i t  r e g i s t e r  D i s  set t o  
one because  t h e  micro- i n s t r u c t i o n s  t o  b e  executed r e q u i r e  one main 
memory c y r l e ,  
f i e  second m i c r o - i n s t r ~ ~ c t i n n  i s  l o c a t e d  at- c o n t r o l  memory a d r l r e s ~  
64.  I t  i s  f e t c h e d  and executed i f  c o n d i t i o n  (C2=0) of t h e  s h i f t  and 
t e s t  m i c r o - i n s t r u c t i o n  i s  t r u e .  Th is  m i c r o - i n c t r u c t i o n  r e a d s  a word 
from t h e  i n p u t  b u f f e r  i n  t h e  main memory and s t o r e s  i t  i n t o  sub- 
r e g i s t e r  B(1N). The m i c r o - i n s t r u c t i o n  r e q u i r e s  one main memory c y c l e .  
To accomplish t h i s ,  w a i t  r e g i s t e r  D is  s e t  t o  one,  caus ing  t h e  micro- 
i n s t r u c t i o n  t o  remain i n  r e g i s t e r  F f o r  a f u l l  main memory c y c l e ,  
Upon complet ion of t h e  m i c r o - i n s t r u c t i o n ,  a  three-way branch is  per- 
formed: 
(a)  I f  t h e  c o n d i t i o n  (C1+0) is  t r u e ,  t h e  s h i f t  and t e s t  micro- 
i n s t r u c t i o n  i s  performed; 
(b) I f  t h e  c o n d i t i o n  (Cl=O)*(C3#12) i s  t r u e ,  t h e n  t h e  unpacking 
subsequence i s  t e r m i n a t e d ,  and t h e  c o n t r o l  i s  r e t u r n e d  t o  
t h e  c a l l i n g  sequence.  
( c )  I f  n e i t h e r  of t h e  above is t r u e ,  t h e n  t h e  c o n d i t i o n  (Cl=O)*(C2=12) 
must be  t r u e ,  I n  t h i s  c a s e ,  t h e  c o n t e n t s  o f  r e g i s t e r  A  a r e  
w r i t t e n  i n t o  t h e  ou tpu t  b u f f e r  i n  t h e  main rttemory. 
The t h i r d  m i c r o - i n s t r u c t i o n  i s  l o c a t e d  a t  c o n t r o l  memory 
a d d r e s s  65. It  i s  execu ted  when t h e  c o n d i t i o n  (Cl=O) *(C3=12) is  found 
t o  b e  t r u e  i n  e i t h e r  of t h e  f i r s t  two m i c r o - i n s t r u c t i o n s .  The micro- 
i n s t r u c t i o n  causes  t h e  c o n t e n t s  of r e g i s t e r  A  t o  b e  w r i t t e n  t o  t h e  
o u t p u t  b u f f e r  i n  t h e  main memory w i t h  on ly  one  c o n t r o l  memory c y c l e  
which o c c u r s  a t  t h e  b e g i n n i n g  off t h e  main memory c y c l e .  During t h i s  
c o n t r o l  c y c l e ,  t h e  w r i t e  t o  t h e  o u t p u t  b u f f e r  i s  i n i t i a t e d ,  and it is  
completed a t  t h r e e  c o n t r o l  raemory c y c l e s  l a t e r .  Again, t h e  micro- 
i n s t r u c t i o n  r e t u r n s  c o n t r o l  t o  t h e  c a l l i n g  sequence.  
5.8.2 P n i ~ i a l i z a t i o n .  s
The i n i t i a l i z a t i o n  sequence i n i t i a l i z e s  t h e  sequences .  The 
t h r e e  m i c r o - i n s t r u c t i o n s  t h a t  make up t h e  sequence a r e  shown below. 
Comment, I n i t i a l i z a t i o n  sequence (12 
Comment, i n i t i a t e  r e a d  of i n p u t - b u f f e r  micro- ins  tr. l o c a t e d  a t  C.  M. a d d r e s s  66 
/ D '  *RUN*P (0) / F<- CM ( CAR) 
/RUN*MC(O) *P (1) *DAR(l) / AR<-X;! 
/ R U N * M C ( O ) * P ( ~ ) * F ( ~ ~ ) /  REAX-I 
/ D v  *RUN*P(l) *DBS(5) / B (ADR) 4-X7 
/D1*RUN*P(l) *DC(6) / C34- 7 
/D1*RUN*P(l) *F(2 7) /  A G O  
/ D q  *RUN*P (3) *DT (1)  / CAR<- co m t up CAR 
Comment, main-mernory-read m i c r o - i n s t r u c t i o n  l o c a t e d  a t  C.M. a d d r e s s  6 7 
/ D q  ykRUN*P(O) / PI- CM(CAR) 
/ R U N * M C ( ~ )  *P (0) / s ~ e - M ( A R )  
/ D '  *RUN*P(l) *DC(4) / C2-6-12 
ID' *RUN*P (2) *DX(2) / X2-6-countup X2 
/D'*RUN*P (3)  * D T ( ~ )  / CAR<-COWI t u p  
Comment, l o a d  r e g i s t e r  B m i c r o - i n s t r u c t i o n  l o c a t e d  a t  C.M. a d d r e s s  6 8  
/ D '  *RUN*P (0)  / F<- CM ( CAR) 
/RUN*MC(~)  *P (1) *DBS (2) / B(IN) <-SR 
/ D  ' *RUN*P ( 1) *DC ( 3) / C14-5 
/ D "RUN*?? ( 3)  *DT ( 1) / CAR<- c o m t u p  CAR 
The t h r e e  m i c r o - i n s t r u c t i o n s  l o c a t e d  a t  c o n t r o l  memory a d d r e s s e s  
6 6 ,  67, and 68 ,  e x e c u t e  s e q u e n t i a l l y  dur ing  t h e  f i r s t  t h r e e  c o n t r o l  memory 
c y c l e s  o f  a main memory c y c l e ,  They i n i t i a l i z e  t h t  c o n t e n t s  of r e g i s t e r s  
A and B and s e t  t h e  coun te r s  f o r  t h e  f e t c h  sequence.  The t h i r d  mic ro- ins t ruc -  
t i o n  inc rements  c o n t r o l  memory address  r e g i s t e r  CAR t o  beg in  t h e  f e t c h  
sequence.  
5 .8 .3  Fe tch  sequence 
The f e t c h  sequence performs t h e  f e t c h  of t h e  n e x t  r e l o c a t a b l e  
word. The two m i c r o - i n s t r u c t i o n s  of t h e  f e t c h  sequence appear  below. 
Comment, Fetch sequence (13) 
Comment, i n i t i a t e - u n p a c k i n g  subsequence micro-ins t r  . l o c a t e d  a t  C. !I, a d d r e s s  69 
/D'*RUN*P(O) / F*- CM( CAR) 
/ D '  *RUN*P(2) *F(35) / SHe-1 
/ D '  *RUN*P (2)  *F(26) / RETURN Q- CAR 
/D'*RUN*P(~) *F(26) / RET URNI- co unt up RE TURN 
/D'*RUN*P(~) *DT(2) / CAR<--F(ADS) $F(ADS) =6 3  
Comment, decode and  i n i t i a t e  unpaclcing subseq.  m i c r o - i n s t r .  a t  C.M. a d d r e s s  70 
/ D F  *RUN*P(O) / F4- CM(C AR) 
ID' *RUN*P(l) *F(25) / OP<-B ( I -  3) , FS<-B (4- 7) , II<-B (8-9) 
ID '  *RIJNitP(l) *DC(2) / Clr-3 
/ D '  ; ~ R I J N ~ ~ P  (2) *F(32) / SHK-0 
/ D P  *RUN*P(2) *F(26) / RET URNQ- CAR 
/ D P  *RIPN*P ( 3 )  *F(26) / RETURN<-countup RETURN 
/D'*RIJN*P(~) *DT(2) / CAR<-F (ADS) $F(ADS)=63 
As shown above,  t h e  f i r s t  m i c r o - i n s t r u c t i o n  is  l o c a t e d  a t  c o n t r o l  
memory a d d r e s s  6 9 .  The f u n c t i o n  o f  t h e  m i c r o - i n s t r u c t i o n  is  t o  perform 
t h e  t r a n s f e r  t o  t h e  unpacking sequence w i t h  t h e  i n d i c a t i o n  t o  perform a 
s h i f t  of c a s r e g i s t e r  AB. This  i s  accomplished by load ing  r e g i s t e r  RETURN 
w i t h  t h e  a d d r e s s  o f  t h e  n e x t  m i c r o - i n s t r u c t i o n ,  s e t t i n g  r e g i s t e r  SH t o  1, 
and l o a d i n g  t h e  c o n t r o l  a d d r e s s  r e g i s t e r  w i t h  thn a d d r e s s  of t h e  unpacking 
subsequence,  
The second m i c r o - i n s t r u c t i o n  i s  execu ted  upon r e t u r n  from t h e  
unpacking sequence.  Th is  micro-ins t r u c t  ion  l o a d s  t h e  r e g i s t e r s  OP, FS , and 
11, It  then c a l l s  t h e  unpacking sequence w i t h  r e g i s t e r  SH s e t  t o  z e r o  i n  
o r d e r  t o  l e f t - a d j u s t  t h e  a d d r e s s  o r  d a t a  p a r t  of t h e  r e l o c a t a b l e  word i n  
r e g i s t e r  B .  I t  l o a d s  t h e  r e g i s t e r  RETURN w i t h  t h e  a d d r e s s  of t h e  n e x t  micro- 
i n s t r u c t i o n ,  which i s  t h e  f i r s t  m i c r o - i n s t r u c t i o n  of the  address  m o d i f i c a t i o n  
sequence.  
5 .8 .4  Address m o d i f i c a t i o n  sequence 
The a d d r e s s  m o d i f i c a t i o n  sequence i s  d e s c r i b e d  i n  t h e  form of a 
sequence c h a r t  i n  F i g u r e  33. The CDL d e s c r i p t i o n  of t h e  sequence appears  
below. 
Comment, Address m o d i f i c a t i o n  sequence (14) 
Comment, branch on OP m i c r o - i n s t r u c t i o n ,  l o c a t e d  a t  C.M. a d d r e s s  71 
/D'*RUN*P(O) / F.B- CM ( Cm) 
/ D q  *RUN*P(l) * D B S ( ~ )  / X8-C-B ( ADR) 
/Dt*RW*P(3) *DT(3) / CAR<-F(1-5) -0P $F(ADS) = 72 
/ D r  *RUN*P(3) *F(33) / I F ( M C ( O ) + M C ( ~ ) C M C ( ~ ) = ~ )  THEN(W-1) 
Comment, e r r o r - s t o p  m i c r o - i n s t r u c t i o n ,  l o c a t e d  a t  C.M. a d d r e s s  72 
/n>QRUbJ*P (0) / Ff- CM( CAR) 
ID' *RUN*P(3) *F(36) / RUN+-O I 
Comment, d a t a  micro-ins t r u c t  i o n ,  l o c a t e d  a t  C.M. a d d r e s s  73 
/D"RUN*P(O) / FQ- CM( CAR) 
/ D ' * R U N * P ( ~ )  * D C ( ~ )  / C ~ Q - F S  
/D"RUN*P (3) * D T ( ~ )  / CAR+-F(ADS) $F(ADS)=69 
Comment, r e l a t i v e  a d d r e s s  micro-ins t r u c t i o n ,  l o c a t e d  a t  C.M. a d d r e s s  74 
/ D q  **nW*P(O> / F<- CM ( CAR) 
/D"*RU~:~*P (1) * D E S ( ~ ) /  B(ADR)<-X8 add X7 
/ D : *KU-~- *-p j -jj ~ D C  ( 1) j Cl<-FS 
/ D " R ~ * P ( ~ )  *-DT(2) / CAKF(ADS) 
Comment, common a r e a  a d d r e s s  m i c r o - i n s t r u c t i o n ,  l o c a t e d  a t  C.  M. a d d r e s s  75 
/ D '  *RUN*P(O) / F4- CM(CAR) 
/RUN*MC(O),~P(~)*DAR(~)/ AR4-X8 add X4 
/RUN*MC(O) *P( l )  " ~ ( 3 1 )  / REAM-1 
/Dr>tRUN*P(3) * D T ( ~ )  / CAR<- F ( ADS ) $F(ADS) = 8 1  
Comment, e x t e r n a l  a d d r e s s  m i c r o - i n s t r u c t i o n ,  l o c a t e d  a t  C.M. address  76 
/ D '  *RUN*P ( 0 )  / Fe- CM( CAR) 
/RUN?~MC(O)*P(~)*DAR(~)/ ARK-X8 add X5 
/RUN*MC(O) *P (1) gcF( 31) / READ<-1 
/D'JCRUN*P(~) * D T ( ~ )  / CAR<-F ( ADS) $F(ADS)=80 
/P '  *RUN*P (3) * ~ ( 3 3 )  / IF(MC(O)+MC(l)fMC(2)=1) TEIEN (D<-1) 
/ R U N * M C ( ~ )  " ~ ( 1 )  / S R<-M ( AR) 
/ K ' L J N * M C ( ~ ) * P ( ~ ) * D B S ( ~ ) /  X84-SR(AD) 
/RUN*MC(~) *P (3) / X- 0
Comnient, s t o p  m i c r o - i n s t r u c t i o n ,  l o c a t e d  a t  C.M. a d d r e s s  77 
/ D'  RUN *P (0) / Fg- CM( CAR) 
/D"RUN*P(3) *F(36) / RUN<-0 
Comment, e r r o r - s t o p  m i c r o - i n s t r u c t i o n ,  l o c a t e d  a t  C.M. a d d r e s s  78 
JD'  *RUN*P ( 0 )  / F<- CM ( CAR) 
/D1*RUN*P(3) *F(36) / RUNG0 
Comment, e r r o r - s t o p  m i c r o - i n s t r u c t i o n ,  l o c a t e d  a t  C.M. a d d r e s s  79 
/ D S  *RUN*P (0)  / F<- CM(C AR) 
/ D '  ,~RuN*P ( 3) *F(36) / RUN<-0 
Comment , r e a d  from main-memory-table micro-ins t r u c t i o n ,  l o c a t e d  a t  C. M. a d d r e s s  80 
/By *RUN*P(O) / F<- CM(CAR) 
/RUN*MC(O)*P(~)*DAR(~)/ ARG-X8 add X6 
/ R ~ * M C ( O )  *P (1)  AF(31) / READ<-1 
/ D 1  >kRUN*P(3) *DT(L) / CAR<- co un t up CAR 
Comment, branch i f  no increment  m i c r o - i n s t r u c t i o n ,  l o c a t e d  a t  C.M. a d d r e s s  81 
I D '  *RUN*P (0)  / F<- CM( CAR) 
/RUN*MC(l) *P (1)  / S R<-M( AR) 
ID' *RUN*P ( 3) *IP ( 5 )  / IF( I I=O)  THEN (CAR<-F(ADS)) ELSE (CAR<-countup CAR) 
$F(ADS) =86 
Comment, i n i t i a t e  unpacking subseq ,  m i c r o - i n s t r .  , l o c a t e d  a t  C.M. a d d r e s s  82 
ID' *RUN*P (0)  / FK- CM( CAR) 
/RUN*MC(2) *P ( 1)  *DBS ( 3) / X8<-SR(AD) 
/ D 1  *RUN*P (1)  *DC(l) / ClQFS 
/D '  *RUN*P(2) * ~ ( 3 2 )  / SH.6-0 
/ D '  *RUN*P (2) *F(26) / RETWK-CAR 
/Pf*RUN*P(3) *F(26) / RETURN<-countup RETURN 
/ D '  *RUN*P ( 3 )  *DT(2) / CAR%- F (ADS) $F(ADS)=6 3 
Comment, increment-decrement b ranch  m i c r o - i n s t r . ,  l o c a t e d  a t  C.M. a d d r e s s  83 
*RUN*P ( 0 )  / F<- CM ( CAR) 
I D '  *RUN*P (1)  *DBS (4)  / a < - B  ( ADR) 
Comment, 2 %  complement m i c r o - i n s t r u c t i o n ,  l o c a t e d  a t  C.M. a d d r e s s  84 
/D'*RUN*P(O) / FK- CM( CAR) 
/ D '  *RUN*P(l) *F(29) / XI<-X1' 
/D"RUN*P (2) * D X ( ~ )  / ~ l q - c o u n t u p  XI 
/D1*RUN*P(3) * D T ( ~ )  / CAR%- co un t up CAR 
Comment, modify a b s o l u t e  a d d r e s s  m i c r o - i n s t r .  , l o c a t e d  a t  C.M. a d d r e s s  85 
ID?  *Rm*P(O) / F<- CM ( CAR) 
/Dv*RUN*P(1)*D~S(7) / B(ADR) <-X8 add Xl 
/D'*RUN"P(~) * D C ( ~ )  / C 14- FS 
/D '  *RUN*P ( 3) *DT(2) / CAR<-F (ADS) $F(ADS) =69 
Comment, no  incremen t micro- ins  t r u c t i o n ,  l o c a t e d  a t  C. M. address  86 
/D'*RUN&P (0)  / F <- CM ( CAR) 
/RUN,~MC(~)  JCP (1) *DBS ( 3) / X8<-SR(AD) 
I D '  *RUN&P (1)  * ~ ( 2  8) / XI<-0 
/D: *RUN>kP (3) *DT(2) / CAR<-F(ADS) $F(ADS)=85 
The f i r s t  m i c r o - i n s t r u c t i o n  shown above is l o c a t e d  a t  c o n t r o l  mem- 
o r y  a d d r e s s  71. Th is  m i c r o - i n s t r u c t i o n  performs an  eight-way branch on t h e  
c o n t e n t s  of r e g i s t e r  OP. T h i s  is accomplished by c o n c a t e n a t i n g  t h e  f i r s t  
f i v e  b i t s  of s u b r e g i s t e r  F(ADS) w i t h  r e g i s t e r  OP t o  form an e i g h t - b i t  c o n t r o l  
memory a d d r e s s .  Of t h e  e i g h t  p o s s i b l e  a d d r e s s e s ,  f i v e  a r e  l e g i t i m a t e  and w i l l  
b e  d i s c u s s e d  i n  d e t a i l  subsequen t ly .  The o t h e r  t h r e e ,  cor responding  t o  
OR v a l u e s  0 ,  6 ,  and 7, cause  an  e r r o r - s t o p .  The s u b r e g i s t e r  F(ADS) c o n t a i n s  
t h e  c o n t r o l  memory a d d r e s s  72, This  means t h a t  t h e  e i g h t  a d d r e s s e s  p o s s i b l e  
a r e  72 through 79, w i t h  a d d r e s s e s  72, 78, and 79 cor responding  t o  t h e  i l l e g i t i -  
mate a d d r e s s e s .  I t  s h o u l d  b e  n o t e d  t h a t  r e g i s t e r  X8 i s  loaded by t h i s  micro- 
i n s t r u c t i o n ,  
I f  OP i s  e q u a l  t o  one,  t h e  m i c r o - i n s t r u c t i o n  a t  c o n t r o l  memory 
a d d r e s s  73 i s  execu ted .  A s  t h i s  means t h a t  t h e  r e l o c a t a b l e  word c o n t a i n s  
d a t a ,  t h e  m i c r o - i n s t r u c t i o n  simply loads  coun te r  C1 and branches  t o  t h e  
ketch sequence.  
I f  OP is  e q u a l  t o  two, i n d i c a t i n g  a  r e l a t i v e  a d d r e s s ,  t h e  micro- 
i n s t r u c t i o n  a t  c o n t r o l  memory a d d r e s s  74 i s  execu ted .  Th is  m i c r o - i n s t r u c t i o n  
adds t h e  a d d r e s s  i n  X8 t o  t h e  subprogram a d d r e s s  i n  X7 and b ranches  t o  t h e  
f e t c h  sequence 
I f  OP is e q u a l  t o  t h r e e ,  i n d i c a t i n g  d common a r e a  a d d r e s s ,  t h e  
m i c r o - i n s ~ r u c t i o n  a t  c o n t r o l  memory address  75 i s  execu ted .  Th is  micro- 
Eas t r u c t i o n  initiates t h e  r e a d  of t h e  Common Symbol Table i n  t h e  main memory 
and b ranches  t o  the  m i c r o - i n s t r u c t i o n  at  l o c a t i o n  81 t o  t e s t  f o r  t h e  e x i s -  
t ence  o f  an increment  f i e l d  i n  t h e  r e l o c a t a b l e  word. L t  s h o u l d  b e  n o t e d  
t h a t  t h e  f i r s t  m i c r o - i n s t r u c t i o n  sets w a i t  r e g i s t e r  D i n  o r d e r  t o  a s s u r e  
t h a t  t h i s  i n s t r u c t i o n  is performed at t h e  b e g i n n i n g  of a  main memory c y c l e .  
I f  OT i s  e q u a l  t o  f o u r ,  i n d i c a t i n g  an e x t e r n a l  a d d r e s s ,  t h e  micro- 
i n s t r u c t i o n  a t  c o n t r o l  memory a d d r e s s  76 i s  execu ted .  Th is  m i c r o - i n s t r u c t i o n  
performs a  r e a d  o f  t h e  Undefined Symbol Tab le  i n  t h e  main memory and then  
b ranchs  t o  t h e  m i c r o - i n s t r u c t i o n  a t  c o n t r o l  memory address  80 which i n i t i a t e s  
t h e  r e a d  of t h e  Def ined Symbol Tab le  i n  t h e  main memory. 
I f  OP i s  e q u a l  t o  f i v e ,  i n d i c a t i n g  t e r m i n a t i o n  of t h e  t r a n s l a t i o n  
p r o c e s s ,  t h e  micro-ins t r u c t i o n  at  c o n t r o l  memory a d d r e s s  77 is  execu ted .  Th is  
m i c r o - i n s t r u c t i o n  sets r e g i s t e r  RUN t o  z e r o  t o  s t o p  g e n e r a t i o n  o f  a l l  s i g -  
n a l s .  
The remaining m i c r o - i n s t r u c t i o n s  i n  c o n t r o l  memory a d d r e s s  l o c a -  
t i o n s  81 through 86 are e x e c u t e d  i f  OP is e q u a l  t o  3 o r  4 .  These micro- 
i n s t r u c t i o n s  perform t h e  t es t  f o r  t h e  inc rement  o r  decrement and t h e  a d d r e s s  
m o d i f i c a t i o n  o p e r a t i o n s  d e s c r i b e d  i n  t h e  sequence c h a r t  i n  F igure  33. This  
e n t a i l s  i n i t i a l i z i n g  t h e  unpacking sequence i n  t h e  m i c r o - i n s t r u c t i o n  a t  con- 
t r o l  memory a d d r e s s  82. It  s h o u l d  a l s o  be n o t e d  t h a t  t h e  main memory r e a d  
i n i t i a t e d  i n  t h e  m i c r o - i n s t r u c t i o n  l o c a t e d  at  t h e  c o n t r o l  memory a d d r e s s  75 
(OP-3) o r  80 (OP=4) i s  con t inued  i n  p a r a l l e l  w i t h  t h e  e x e c u t i o n  of t h e s e  
micro-ins t r u c t i o n s  . 
5 .9  Microprogram 
The microprogram i s  shown i n  Table 4 where t h e  m i c r o - i n s t r u c t i o n s  
a r e  s t o r e d  i n  t h e  a r b i t r a r i l y  chosen l o c a t i o n s  63  t o  86. A l l  numbers a r e  
b i n a r y .  Each m i c r o - i n s t r u c t i o n  Q £  t h e  microprogram i s  o b t a i n e d  from t h e  pre-  
v i o l s  CDL d e s c r i p t i o n s  of t h e  m i c r o - i n s t r u c t i o n s .  
For example, t h e  m i c r o - i n s t r k c t i o n  f o r  l o a d i n g  a main memory 
word d e s c r i b e d  p r e v i o u s l y  i n  t h e  unpacking subsequence i s  a s s i g n e d  t o  
l o c a t i o n  64. The f i e l d  F(ADS) shou ld  c o n t a i n  63  because  of t h e  branch 
m i c r o - o p e r a ~ i o n  CAR<-F(ADS) i n  t h e  micro-ins t r u c t  ion .  In each of t h e  
e x e c u t i o n  s t a t e m e n t s ,  t h e r e  is one micro-operat ion and a  cor responding  
decoder t e r m i n a l  o r  c o n t r o l  b i t  i n  t h e  l a b e l  accord ing  t o  t h e  c o n t r o l  
word format i n  Table  3. Consider t h e  second e x e c u t i o n  s t a t e m e n t  of t h i s  
example.  Th is  s t a t e m e n t  c o n t a i n s  micro-operat ion ARK-X2. According t o  
t h e  c o n t r o l  word fo rmat ,  t h i s  micro-operat ion is c o n t r o l l e d  by decoder  
t e r m i n a l  EdAR(1) i n  f i e l d  F(14-16) ; t h e r e f o r e ,  t h i s  f i e l d  , a s  shown i n  
l o c a t i o n  64  of Table  4 ,  c o n t a i n s  001. S i m i l a r l y ,  each non-zero s u b f i e l d  
c o n t r o l s  t h e  execu t ion  of one micro-operat ion o r  a  group of mic ro-opera t ions  
by t h e  t e r m i n a l ,  Consider a l s o  t h e  micro-operat ion f o r  i n i t i a t i n g  a  
memory r e a d  READ<-1. According t o  t h e  c o n t r o l  word fo rmat ,  t h i s  micro- 
o p e r a t i o n  is  c o n t r o l l e d  by c o n t r o l  b i t  F (31) .  The c o n t r o l  word a t  
l o c a t i o n  64 i n  Tab le  4 shows t h a t  t h i s  b i t  i s  1. S i m i l a r l y ,  each c o n t r o l  
bit in field F(24-36) c o n t r o l s  t h e  e x e c u t i o n  of one micro-operat ion o r  
a group of micro-operat ions .  In  t h i s  manner, t h e  microprogram i n  Tab le  4 
is  p r e p a r e d .  
A t  l o c a t i o n  71 of t h i s  microprogram, t h e  m i c r o - i n s t r u c t i o n  
b ranches  t o  one o f  l o c a t i o n s  72 through 79. Loca t ions  72 through 79 c o n t a i n  
eight rrikcro-ins t r u c t i o n s  (on ly  f i v e  a r e  used) , each of which performs t h e  
micro-operat ions  r e q u i r e d  by t h e  CP code o f  t h e  r e l o c a t a b l e  word. This  t a b l e  
is l o c a t e d  by t h e  a d d r e s s  i n  f i e l d  F(ADS) ( s e e  O l O O l O O O  a t  l o c a t i o n  7 1  i n  
T a b l e  4 ) ,  
It is possible t o  e s t i m a t e  t h e  speed  of t r a n s l a t i n g  t h e  e x e c u t a b l e  
code (i. e . ,  i n s t r u c t i o n s  o r  d a t a  words) .  A t  t h e  one extreme,  i t  r e q u i r e s  
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7 main memory c y c l e s  t o  t r a n s l a t e  a d a t a  word. A t  t h e  o t h e r  extreme,  
i t  r e q u i r e s  24 main memory c y c l e s  t o  t r a n s l a t e  a  two-address i n s t r u c t i o n  
where t h e  a d d r e s s e s  a r e  e x t e r n a l  a d d r e s s e s .  ( F t  r e q u i r e s  f o u r  r e l o c a t a b l e  
rarords f o r  one such i n s t r u c t i o n . )  L e t  t h e  main memory c y c l e  t ime  b e  1 
microsecond. Then, t h e  microprogram c o n t r o l l e d  t r a n s l a t o r  i s  c a ~ a b l e  of  
producing from 41,700 t o  143,000 i n s t r u c t i o n s  o r  d a t a  words D e r  second. 
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